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Abstract 

Banana (Musa paradisiaca) is among Ecuador’s most important export commodities, globally 

recognized for its high nutritional value. To extend shelf life and reduce physiological and 

microbiological deterioration, bananas are typically harvested at the green stage and stored under 

controlled conditions using plastic packaging. This study evaluated the combined effect of an 

antifungal coating—formulated with whey, cassava starch, glycerol, agar, and 600 ppm cinnamon 

essential oil—and polyethylene bags of different densities (LDPE and HDPE) over a 28-day storage 

period. Eight treatments were tested, including various coating–packaging combinations from three 

producers, as well as plastic-only and unpackaged controls. Physicochemical results showed that the 

coating combined with LDPE significantly reduced weight loss, peel and length shrinkage, and 

firmness decline. Color retention (ΔL*, Δa*, Δb*) and soluble solids were better preserved in coated 

samples, especially T05 and T06. Sensory evaluation with 18 panelists revealed the highest acceptance 

scores for coated and packaged fruit. Microbiological analyses confirmed that coated bananas had 

the lowest counts of mesophilic aerobes and yeasts and molds, while total coliforms remained below 

detection limits in all treatments. These results highlight the effectiveness of integrating antifungal 

coatings with polyethylene packaging to enhance banana quality during postharvest storage.  

Keywords: banana; postharvest; Musa paradisiaca; plastic packaging; musaceae 

 

1. Introduction 

Postharvest losses of tropical fruits represent a major challenge for the agri-food sector due to 

their high perishability and susceptibility to microbial decay. Bananas (Musa paradisiaca) are highly 

vulnerable to postharvest deterioration, experiencing rapid changes in firmness, color, weight, and 

nutritional quality during storage. These issues are especially critical in tropical producing countries 

such as Ecuador, where losses can reach up to 30% [1–3]. Such losses have considerable economic 

implications for exporters and small-scale producers alike, limit international trade opportunities, 

and contribute to global food waste and insecurity [4,5]. 

Ecuador is one of the world’s leading banana exporters, and its Musa paradisiaca cultivars are 

internationally recognized for their high quality and nutritional value [6]. The fruits are harvested at 

the green-mature stage and packed under controlled conditions to ensure stability during transport 

and commercialization [7]. Postharvest practices commonly involve the use of plastic packaging, 

which can affect ripening behavior and fruit quality [8,9]. These packaging systems serve as 

protective barriers that reduce moisture loss and limit air exposure, thereby delaying senescence and 
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minimizing microbial spoilage during storage and transit [10]. In recent years, HDPE and LDPE films 

have gained attention for their ability to prolong shelf life by modulating the internal atmosphere 

within the packaging [11,12]  

To mitigate these challenges, the development of low-cost and sustainable preservation 

technologies is essential [13]. Edible coatings based on natural biopolymers have emerged as effective 

strategies to extend shelf life by forming semi-permeable films that regulate moisture loss, gas 

exchange, and microbial growth [8,14]. Notably, combinations of whey, agar, starch, and glycerol 

have demonstrated promising performance in fruit preservation [15,16]. Whey protein contributes 

antimicrobial properties and film-forming capacity, while agar and starch improve barrier properties 

and structural stability [17]. Glycerol, a common plasticizer, enhances film flexibility and reduces 

brittleness, helping to preserve fruit texture and integrity during handling [18,19]. 

Additionally, incorporating essential oils (EOs) into these coatings further boosts their 

antifungal activity, targeting pathogens such as Fusarium spp., Colletotrichum musae, and Rhizopus 

stolonifer, which are prevalent in banana spoilage [20,21]. These coatings have been effective in 

reducing respiration rates and delaying senescence in fruits such as mangoes and papayas, although 

their application in bananas under refrigerated conditions is still under development [19,22,23]. 

However, some authors question the scalability of these treatments due to variability in oil 

composition and potential sensory impacts [24–26]. 

Recent methodologies employ antifungal edible coatings enriched with essential oils such as 

cinnamon oil at controlled concentrations (e.g., 400 ppm), combined with standardized packaging 

materials like 0.1 mm PE films [27,28]. These coatings are typically applied via immersion or 

brushing, followed by a drying step at room temperature to ensure uniform adhesion to the fruit 

surface [6,7,19]. After treatment, bananas are stored at refrigerated conditions (13 ± 1 °C and 93 ± 2% 

relative humidity) to evaluate the performance of coating and packaging combinations over time 

[4,29,30]. 

Another widely used postharvest strategy is polyethylene (PE) packaging. High-density (HDPE) 

and low-density polyethylene (LDPE) films act as physical barriers that limit oxygen and moisture 

exchange, thereby slowing down ripening and microbial proliferation. LDPE, due to its flexibility, is 

particularly suited for delicate fruits like bananas, while HDPE offers greater mechanical protection 

[11,31–33]. Despite their benefits, controversies remain regarding the relative effectiveness of each 

type under different storage conditions, and their interaction with bioactive coatings has not been 

sufficiently explored [32,34,35]. 

Moreover, recent discussions have focused on the need for integrative postharvest systems that 

consider not only physicochemical preservation but also microbiological safety, consumer 

acceptance, and environmental sustainability [36]. A growing body of research highlights the role of 

these natural coatings and biodegradable packaging materials in reducing environmental impact and 

complying with new international standards for green packaging and reduced carbon footprint [37]. 

Studies also emphasize the importance of maintaining organoleptic quality—such as taste, aroma, 

and texture—which directly influence consumer satisfaction and marketability [14,38]. In this 

context, the use of biopolymers and essential oils aligns with the principles of circular economy and 

sustainable agriculture [39]. 

This study aims to assess the combined effect of an antifungal coating composed of whey, agar, 

starch, and glycerol, enriched with cinnamon essential oil, together with polyethylene packaging 

(HDPE and LDPE), on the physicochemical quality and microbial stability of bananas during 

refrigerated storage [40]. The evaluated parameters include weight loss, firmness, peel color, pH, 

titratable acidity, soluble solids content, and respiratory rate— indicators of fruit senescence, 

metabolic activity, and consumer acceptability. By integrating both treatments, this work explores 

their synergistic potential to improve postharvest management strategies for banana conservation, 

especially in tropical supply chains [36,41]. The findings contribute to the current discussion on 

sustainable postharvest technologies and may help reduce food waste while maintaining fruit quality 

and safety. 
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2. Materials and Methodes 

Bananas (Musa paradisiaca) at commercial maturity stage 1 (completely green, uniform in size, 

and free from defects) were manually harvested in Machala, El Oro province, Ecuador. After 

selection, the fruits were transported under ventilated conditions to the laboratory of the DECAB at 

Escuela Politécnica Nacional (EPN) [7]. Once sanitized, fruits were stored at 13 ± 1 °C and 95% relative 

humidity. A total of eight treatments were established in a completely randomized design  

2.1. Coating Design 

For the development of the antifungal coating used in this study, food-grade ingredients 

commonly employed in the formulation of functional films were selected. Whey powder (Agropur 

INC., Eden Prairie, MN, USA) served as the protein matrix, agar-agar (Sigma-Aldrich, St. Louis, MO, 

USA) was used as a natural gelling agent, and native cassava starch (Industrias Lojanas de Alimentos, 

Loja, Ecuador) provided the structural polysaccharide. Glycerol (Merck, Darmstadt, Germany; 

≥99.5% purity) was incorporated as a plasticizer to enhance film flexibility [7]. 

Cinnamon essential oil (Cinnamomum verum) was obtained from Green Harmony (Quito, 

Ecuador) and extracted by steam distillation from dried bark sourced from Sri Lanka. This method is 

widely recognized for preserving the integrity of bioactive volatile compounds. The oil was 

incorporated at a final concentration of 600 ppm. Its major components, cinnamaldehyde (60–70%) 

and eugenol (5–15%), are known for their potent antimicrobial and antioxidant properties [42]. 

The coating solution was prepared using a total solid concentration of 30 g/L, composed of 16.7% 

whey, 16.7% agar, 33.3% cassava starch, and 33.3% glycerol. All components were dissolved in 

distilled water and heated to 85 °C under constant agitation using a magnetic stirrer (Thermo Fisher 

Scientific, Massachusetts, USA) for 20 minutes until complete homogenization. Cinnamon essential 

oil was added after heating, followed by vigorous stirring to ensure uniform dispersion. The solution 

was then cooled to room temperature (~25 °C) [7]. Bananas were immersed in the coating solution 

for 30 seconds, allowed to drain, and air-dried at room temperature for approximately 15 minutes 

prior to packaging. 

Following the preparation of the coating solution, bananas were assigned to eight experimental 

treatments that combined the application of an antifungal coating and polyethylene packaging of 

different densities and commercial sources. Treatments T01 to T06 consisted of fruits coated with the 

antifungal formulation and packed in either low-density polyethylene (LDPE) or high-density 

polyethylene (HDPE) bags, sourced from three different suppliers (designated as Companies A, B, 

and C). Treatment T07 included bananas packed in polyethylene bags without antifungal coating, 

serving as the plastic-only control. Treatment T08 served as the absolute control, involving fruits 

without any coating or packaging.  

All treatments were evaluated on day 0 and after 28 days of storage under controlled 

environmental conditions (13 ± 1 °C and 95% relative humidity). Temperature and humidity were 

continuously monitored using a digital thermo-hygrometer (Testo 608-H2; accuracy ±2% RH and 

±0.5 °C), ensuring consistency across replicates and allowing for reliable assessment of the coating 

and packaging effects. A detailed description of each treatment is presented in Table 1. 

Table 1. Description of treatments combining antifungal coating and polyethylene packaging types. 

Código Descripción  Empresa 

T01 Banana with antifungal coating and low-density polyethylene (LDPE) A 

T02 Banana with antifungal coating and high-density polyethylene (HDPE) A 

T03 Banana with antifungal coating and low-density polyethylene (LDPE) B 

T04 Banana with antifungal coating and high-density polyethylene (HDPE) B 

T05 Banana with antifungal coating and low-density polyethylene (LDPE) C 

T06 Banana with antifungal coating and high-density polyethylene (HDPE) C 

T07 Control: Banana packed in plastic without coating  
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T08 Control: Banana without coating or packaging   

During the 28-day storage period, a comprehensive set of physicochemical, microbiological, and 

quality-related parameters were assessed to evaluate treatment efficacy. The variables measured 

included: weight loss, fruit firmness, peel color (L*, a*, b*), fruit length, peel thickness, titratable 

acidity (expressed as % citric acid), pH, and soluble solids content (°Brix). Additionally, respiration 

rate (expressed as mg CO₂ kg⁻¹ h⁻¹) was measured using gas chromatography. Sensory evaluation 

was performed on day 28 using a 10-point hedonic scale with 18 semi-trained panelists. 

Microbiological quality was assessed by quantifying total coliforms, mesophilic aerobic bacteria, and 

yeasts and molds. Data were statistically analyzed by one-way analysis of variance (ANOVA), and 

means were compared using Tukey’s HSD post-hoc test at a 95% confidence level (α = 0.05). 

2.2. Physical Analysis 

Physical measurements were conducted weekly using ten banana samples per treatment, in 

accordance with standardized analytical protocols. 

2.2.1. Weight Variation 

Each banana was individually weighed using a BPS 51 Plus precision balance (Boeco, Hamburg, 

Germany), featuring a 0.01 g resolution and a maximum capacity of 510 g. Initial weights were 

recorded immediately after the coating application, and subsequent measurements were conducted 

at regular intervals throughout the storage period. Weight loss was expressed as a percentage of the 

initial mass [43].  

This parameter evaluate the effectiveness of each treatment in minimizing water loss and 

controlling dehydration—factors in maintaining postharvest quality and extending shelf life [44]. The 

calculation was performed using the following equation [45]: 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (%) =
𝑊𝑜−𝑊𝑡 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝐹𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡
× 100    

 eq. 1 

where 𝑊𝑜 is the initial weight and 𝑊𝑡 is the weight at time t. 

2.2.2. Fruit Dimensions 

Banana length and thickness were measured using a digital caliper (Truper, CALDI-6MP, 

Mexico) with an accuracy of 0.01 mm. The total fruit length was measured from the stem to the distal 

end, while thickness was recorded at the widest part of the fruit, typically around the central region. 

These dimensional parameters were monitored over the storage period to assess morphological 

changes and to determine their association with the different treatments applied [14]. 

2.2.3. Firmness 

Peel firmness was assessed using a McCormick FT327 penetrometer (Forlì, Italy), fitted with an 

8 mm diameter plunger. The device has a measurement capacity of up to 13 kgf and a resolution of 

0.1 kgf. This parameter served as an indicator of structural integrity and the peel’s protective role 

during storage [46].  

A consistent force was applied to the fruit surface, allowing the plunger to penetrate slightly 

into the peel [47]. The recorded force reflected the peel's resistance to compression, offering reliable 

information on fruit firmness and the progression of ripening across treatments and storage time [48]. 

2.2.4. Color 

Peel color was evaluated using a Minolta CR-400 tristimulus colorimeter (Konica Minolta, 

Japan), which measures the L* (lightness), a* (red, green), and b* (yellow, blue) color coordinates. 

Readings were performed in triplicate at three evenly distributed locations on each fruit, carefully 

avoiding any areas with visible defects or discoloration to ensure consistency [46,49].  
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The meaning of these values was used to characterize surface color, providing an objective 

indicator of ripening stage, visual appeal, and the effectiveness of the treatments in preserving fruit 

appearance during storage. 

2.3. Chemical Analysis 

Performed in triplicate following accepted protocols, to monitor the ripening and assess the 

impact of each treatment on fruit quality attributes. 

2.3.1. pH 

pH values were measured using a digital pH meter (Mettler Toledo SG2-FK, Schwerzenbach, 

Switzerland) with a resolution of ±0.01 pH units. Prior to each measurement, the instrument was 

calculated with buffer solutions at pH 4.00 and 7.00 to ensure precision. 

Juice was extracted from individual fruits using manual or mechanical pressing, and the 

electrode was directly immersed into the sample for reading. The procedure followed AOAC Official 

Method 981.12 [50], which is standardized for pH determination in food matrices. The results were 

used to evaluate ripening progression and chemical stability of the fruit during storage [38]. 

2.3.2. Titratable Acidity 

Titratable acidity was determined following AOAC Method 942.15 [51], using 0.1 N sodium 

hydroxide (NaOH) and expressing results as the percentage of citric acid. The titration was 

performed with a Brand Titrette digital burette (±0.01 mL accuracy) to ensure precise volume 

delivery.  

Banana juice samples were titrated with NaOH until reaching the endpoint, indicated by a 

persistent color change upon the addition of phenolphthalein, signaling complete neutralization [52]. 

All measurements were conducted in triplicate, and mean values were used to quantify citric acid 

concentration, providing insight into the acidity profile and metabolic activity of the fruit during 

storage. 

2.3.3. Soluble Solids 

Soluble solids content was determined using a digital refractometer (Atago PAL-1, Japan) with 

a measurement range of 0.0 to 53.0 °Brix and an accuracy of ±0.2 °Brix, in accordance with AOAC 

Method 932.12 [53]. The results were expressed in degrees Brix (°Brix), reflecting the proportion of 

dissolved solids—primarily sugars—in the banana juice. This parameter served as a reliable indicator 

of sweetness, ripening progression, and compositional changes during the storage period. 

2.4. Respiration Rate 

Was measured using a Horiba infrared gas analyzer (Marca Post Harvest Research, model CG-

100, Davis), which quantifies carbon dioxide (CO₂) production in a sealed environment. For this 

purpose, approximately 500 g of bananas were placed in a hermetically sealed chamber to ensure an 

isolated system, preventing the external air ingress and ensuring that any change in gas concentration 

was solely attributed to the metabolic activity of the fruit. CO₂ production was expressed in µL 

CO₂ kg⁻¹ h⁻¹, representing the amount of carbon dioxide released per kilogram of fruit per hour [54]. 

The gas analyzer has an accuracy of ±2% full scale (FS), allowing for precise detection of changes 

in CO₂ concentration. The method followed the recommended procedures for determining 

respiration rates in fruits and vegetables per triplicate, ensuring reliability and methodological 

consistency. This parameter is considered a key indicator of metabolic activity and is closely related 

to fruit freshness, ripening behavior, and overall postharvest quality [55]. 

2.5. Microbiological Analysis 
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Microbiological evaluations were carried out at the end of the storage period, once the bananas 

had reached full ripening. The purpose of this analysis was to assess the effects of storage conditions 

and packaging type on the microbial quality of the fruit. Samples were taken from each treatment 

under aseptic conditions and processed in triplicate to ensure reproducibility and analytical 

reliability. 

The presence of total coliforms was determined using the plate count method on selective agar, 

following the protocol described by Maturin and Peeler (FDA-BAM) [56]. This parameter is 

commonly used as a hygiene indicator and reflects possible contamination during postharvest 

handling or storage. 

The total aerobic mesophilic count was assessed using the standard pour plate technique, 

allowing for the quantification of viable aerobic microorganisms capable of growing at moderate 

temperatures. This analysis provides a general overview of the microbial load on the fruit surface 

and serves as a useful index of product quality and shelf-life stability. 

To evaluate the presence of yeasts and molds, selective culture media were used according to 

the guidelines established by the Aerobic Plate Count (APC) method. This test is essential for 

monitoring fungal development during storage, as yeasts and molds are often associated with 

postharvest spoilage and can compromise the sensory and structural integrity of the fruit. 

2.6. Sensory Evaluation 

Sensory analysis was conducted on day 28 of storage to evaluate the organoleptic quality of 

bananas subjected to different postharvest treatments. A panel of 18 semi-trained participants was 

recruited and instructed in the evaluation of specific sensory attributes. The selected treatments for 

evaluation were T01, T03, T05, T06, T07, and T08. Each panelist assessed four out of the six treatments, 

following a rotational design to ensure balanced exposure and minimize positional or order bias. For 

instance, Panelist 1 evaluated samples 1–2–3–4, Panelist 2 evaluated 2–3–4–5, and so on, completing 

the cycle across all panelists [57,58]. 

The sensory attributes evaluated included color, odor, sweetness, texture, and overall 

acceptance. A 10-point hedonic scale was used, where 1 indicated "dislike extremely" and 10 

indicated "like extremely." Evaluations were performed under controlled conditions to reduce 

variability and external influences. Each fruit sample was presented coded and randomized to 

prevent panelist bias. The test followed the guidelines established in ASTM E1871-10 for sensory 

analysis of food products [59]. This methodological approach ensured reliable and reproducible data, 

offering a consistent basis for comparing consumer-perceived quality across the selected treatments 

in this study. 

3. Results 

The following section presents the results obtained during the 28-day storage of Musa paradisiaca 

fruits subjected to postharvest treatments combining antifungal coatings and polyethylene 

packaging. The study included a comprehensive evaluation of physicochemical properties—such as 

weight loss, peel thickness and fruit length reduction, firmness, color (L*, a*, b*), pH, titratable 

acidity, and soluble solids content (°Brix)—to assess the preservation of structural and compositional 

quality.  

Additionally, respiration rate, microbiological load (total coliforms, aerobic mesophilic bacteria, 

yeasts, and molds), and sensory perception (color, odor, sweetness, texture, and overall acceptance) 

were analyzed. These combined indicators were used to determine the effectiveness of each treatment 

in maintaining postharvest quality and consumer acceptability throughout the storage period. 

3.1. Physical Analysis 

3.1.1. Weight Variation 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 July 2025 doi:10.20944/preprints202507.1496.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.1496.v1
http://creativecommons.org/licenses/by/4.0/


 7 of 23 

 

Figure 1, significant differences were observed among treatments (p < 0.05). The highest weight 

loss occurred in the uncoated and unpackaged control group (T08), with an average of 22.8%, 

followed by the plastic-only control (T07), which showed 15.1%. In contrast, the lowest values were 

recorded in samples T05 (9.3%) and T06 (9.5%), both of which combined the antifungal coating with 

polyethylene packaging—low and high density, respectively. These two treatments were statistically 

similar and significantly more effective in minimizing moisture loss compared to all other treatments. 

Intermediate values were recorded in T01 (11.5%), T02 (12.0%), T03 (10.9%), and T04 (12.8%), 

showing statistically significant differences from the controls, but less efficacy than T05 and T06. 

According to Tukey’s HSD test, treatments were grouped into distinct statistical categories, 

confirming the enhanced performance of coated and packed samples, particularly T05 and T06, in 

preserving fruit mass during storage.  

 

Figure 1. Final weight loss (%) in Musa paradisiaca after 28 days of storage at 13 °C and 95% RH. 

3.1.2. Fruit Dimensions 

Peel thickness is a structural trait that contributes to moisture retention and protects the fruit 

from mechanical damage and microbial invasion. The treatments showed significant differences in 

thickness loss (p < 0.05), as shown in Figure 2. 

The greatest reduction was observed in the uncoated and unpackaged control (T08), which 

exceeded 10.5%, followed by the plastic-only control (T07) with 9.1%. In contrast, the lowest peel 

thickness losses were recorded in T05 (5.0%) and T06 (5.3%), both treatments that combined 

antifungal coating with polyethylene packaging. 

Treatments T01 (7.2%), T02 (7.8%), T03 (6.9%), and T04 (8.0%) showed intermediate values. 

According to Tukey’s HSD test, treatments were grouped into four distinct statistical categories, with 

T05 and T06 forming the group with the best performance.  
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Figure 2. Final peel thickness loss (%) in Musa paradisiaca after 28 days at 13 °C and 95% RH. 

Fruit length is a structural parameter affected by dehydration and tissue softening during 

storage. Reduction in length reflects changes in turgor pressure and overall integrity of the fruit. As 

shown in Figure 3, the treatments resulted in statistically significant differences in length reduction 

(p < 0.05).  

 

Figure 3. Final fruit length reduction (%) in Musa paradisiaca after 28 days of refrigerated storage. 

The greatest decrease was observed in the uncoated and unpackaged control (T08), with a mean 

reduction of 7.9%, followed by the plastic-only control (T07), which recorded 6.8%. In contrast, 

treatments T05 and T06 showed the smallest reductions, with 3.7% and 4.0%, respectively, and were 

statistically grouped in the lowest category according to Tukey’s HSD test. Intermediate length losses 

were recorded in T01 (5.4%), T02 (5.9%), T03 (5.2%), and T04 (6.0%), all of which showed moderate 

structural preservation.  

3.1.3. Firmness 

Loss of firmness typically results from enzymatic degradation of cell walls and starch-to-sugar 

conversion during ripening. As shown in Figure 4, firmness loss varied significantly among 

treatments (p < 0.05). The uncoated and unpackaged control (T08) exhibited the greatest firmness 

reduction (32.2%), followed by the plastic-only control (T07) at 28.5%, both indicating accelerated 

softening and advanced ripening.  
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In contrast, the lowest firmness losses were recorded in T05 (15.2%) and T06 (15.5%), which 

included the antifungal coating and polyethylene packaging. These treatments significantly reduced 

tissue degradation and were statistically grouped in the lowest category. Intermediate firmness losses 

were found in T01 (26.0%), T02 (26.8%), T03 (25.5%), and T04 (27.3%), all significantly higher than 

T05 and T06.  

 

Figure 4. Final firmness loss (%) in banana after 28 days of storage under controlled conditions. 

3.1.4. Color Parameters 

The L* parameter in the CIELAB color space represents surface lightness, with higher values 

indicating brighter and fresher appearance. A reduction in L* typically corresponds to peel browning 

or darkening, often associated with ripening and oxidative changes. As shown in Figure 5, luminosity 

loss differed significantly among treatments (p < 0.05). The highest ΔL* was observed in the uncoated, 

unpackaged control (T08), reaching 12.8%, followed by the plastic-only control (T07) with 8.7%.  

These values reflect the accelerated darkening of the banana peel. In contrast, the lowest losses 

occurred in T05 (5.3%) and T06 (5.5%), both of which maintained better surface lightness due to the 

protective effect of the antifungal coating combined with packaging. Intermediate luminosity losses 

were found in T01 (6.9%), T02 (7.3%), T03 (6.6%), and T04 (7.4%), with statistically distinguishable 

groupings based on Tukey’s HSD test.  

 

Figure 5. Luminosity loss (ΔL*) in Musa paradisiaca peel after 28 days of storage. 
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The a* color parameter represents the red–green chromaticity axis, where an increase in Δa* 

indicates a shift toward reddish hues, typically associated with advanced ripening and senescence in 

bananas. Significant differences were observed among treatments (p < 0.05), as shown in Figure 6. 

The uncoated and unpackaged control (T08) showed the highest Δa* increase (5.4%), followed by the 

plastic-only control (T07) with 3.8%, both indicating more advanced ripening stages.  

The lowest values were recorded in T05 (2.4%) and T06 (2.5%), suggesting that the combined use 

of antifungal coating and packaging was effective in delaying pigment changes related to ripening. 

Intermediate values were observed in T01 (2.9%), T02 (3.1%), T03 (2.8%), and T04 (3.2%), which were 

statistically different from the controls but less effective than T05 and T06. The grouping analysis 

confirmed that T05 and T06 preserved peel greenness more efficiently, contributing to visual 

freshness and delayed senescence. 

 

Figure 6. Increase in chromaticity a* (Δa*) indicating red-brown shift after 28 days. 

The b* parameter reflects the yellow–blue chromaticity of banana peel color, where a decrease 

in Δb* values is associated with loss of yellow tones and browning due to pigment degradation 

during senescence. As shown in Figure 7, significant differences were found among treatments (p < 

0.05). The uncoated and unpackaged control (T08) showed the highest Δb* decrease (6.2%), followed 

by the plastic-only control (T07) with 4.7%, indicating accelerated color loss.  

 

Figure 7. Decrease in chromaticity b* (Δb*) indicating yellow color loss after 28 days. 
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On the other hand, T05 (3.1%) and T06 (3.3%) exhibited the lowest b* decreases, suggesting better 

preservation of the characteristic yellow color in coated and packed fruits. Intermediate values were 

recorded in T01 (3.7%), T02 (3.9%), T03 (3.5%), and T04 (4.0%). Tukey’s HSD grouping confirmed that 

T05 and T06 were statistically different from the controls and demonstrated superior color retention.  

3.2. Chemical Analysis 

3.2.1. pH 

As shown in Figure 8, statistically significant differences were observed among treatments (p < 

0.05). The highest pH values were recorded in T08 (uncoated, unpackaged control) and T07 (plastic-

only control), with mean values of 5.55 and 5.52, respectively, indicating more advanced ripening. In 

contrast, T05 (5.30) and T06 (5.33) showed the lowest pH values, suggesting a delay in ripening and 

preservation of acid content. 

Intermediate pH values were observed in T01 (5.38), T02 (5.41), T03 (5.36), and T04 (5.42), with 

significant variation among treatments. According to Tukey’s HSD analysis, samples grouped into 

four distinct categories, confirming the ability of coatings—especially when combined with LDPE or 

HDPE. 

 

Figure 8. Boxplot of final pH of Musa paradisiaca fruit after 28 days of storage at 13 °C and 95% RH. 

3.2.2. Titratable Acidity 

Figure 9, statistically significant differences (p < 0.05) were found among treatments.  
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Figure 9. Boxplot of titratable acidity (% citric acid) on day 28 in coated and uncoated banana. 

The lowest titratable acidity values were observed in T07: 0.32% and T08: 0.30%, indicating a 

more advanced ripening state. In contrast, the highest values were recorded in T05 (0.39%) and T06 

(0.38%), both significantly different from all other treatments. These samples preserved higher acid 

content, suggesting delayed ripening and enhanced metabolic stability. Intermediate values were 

detected in T01 (0.35%), T02 (0.35%), T03 (0.36%), and T04 (0.34%), with statistical differences 

according to Tukey’s HSD test.  

3.2.3. Soluble Solids 

As shown in Figure 10, there were significant differences in soluble solids content among 

treatments (p < 0.05). The highest values were observed in the uncoated control (T08), with an average 

of 19.1 °Brix, followed by the plastic-only control (T07), which reached 18.2 °Brix. These results are 

consistent with the accelerated ripening associated with the absence of coating. The lowest °Brix 

values were found in T05 (16.3 °Brix) and T06 (16.4 °Brix), treatments that combined antifungal 

coating with polyethylene packaging. These samples showed significantly slower sugar 

accumulation, indicating delayed ripening. Intermediate values were recorded for T01 (17.0 °Brix), 

T02 (17.3 °Brix), T03 (17.0 °Brix), and T04 (17.6 °Brix), all statistically distinguishable. 

 

Figure 10. Boxplot of soluble solids content (°Brix) in Musa paradisiaca after 28 days of storage. 

3.3. Respiration Rate 

Figure 11, significant differences were found between treatments (p < 0.05).  
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Figure 11. Respiration rate of Musa paradisiaca under different coating and packaging treatments. 

The control group without coating or packaging (T08) exhibited the highest respiration rate 

(20.4 mg CO₂/kg·h), followed by T07 (18.1 mg CO₂/kg·h), confirming the rapid metabolic progression 

in unprotected fruits. In contrast, T05 and T06 demonstrated the lowest respiration rates (13.2 and 

13.4 mg CO₂/kg·h, respectively), suggesting effective inhibition of climacteric respiration due to the 

antifungal coating combined with LDPE or HDPE. Intermediate values were recorded in T01 (15.6), 

T02 (16.2), T03 (15.1), and T04 (16.6), all of which were significantly lower than the controls but higher 

than T05 and T06. These findings confirm that the combination of coating and plastic packaging was 

able to suppress CO₂ emission rates, thereby extending the physiological shelf life of the fruit. 

3.4. Microbiological Quality 

Microbial counts varied significantly among treatments after 28 days of storage (p < 0.05). As 

shown in Figure 12, T05 and T06 exhibited the lowest mesophilic aerobic counts (1.41 ± 0.04 and 

1.38 ± 0.05 log CFU/g, respectively), and yeast and mold counts remained below 2.0 log CFU/g. These 

results indicate strong microbial control in these coated and packaged fruits. In contrast, the highest 

mesophilic load was detected in T01 (2.40 ± 0.06 log CFU/g), despite also being coated and packaged 

in LDPE. This may suggest batch-specific variability in coating integrity or packaging effectiveness. 

The uncoated controls, T07 and T08, showed increased yeast and mold counts (2.10 ± 0.06 and 

2.25 ± 0.06 log CFU/g, respectively), consistent with the absence of antimicrobial protection. 

Intermediate microbial levels were recorded in T02, T03, and T04, with values between 1.6 and 2.0 

log CFU/g, depending on polyethylene type and supplier. 

 

Figure 12. Microbiological load of mesophilic aerobes and yeasts and molds in bananas. 
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3.5. Sensory Evaluation 

Consumer acceptance is a factor in postharvest studies, as it directly influences marketability. 

Figure 13 presents the sensory evaluation of the six best-performing treatments (T01, T03, T05, T06, 

T07, and T08) as assessed by 18 semi-trained panelists using a 10-point hedonic scale. Each panelist 

evaluated four fruit samples following a rotating design to minimize bias. 

The evaluated attributes are color, odor, texture, sweetness, and overall acceptance. The highest 

scores were consistently associated with treatments T05 and T06, which combined the antifungal 

coating with polyethylene packaging (LDPE and HDPE, respectively). These treatments received the 

best ratings across all attributes, particularly in overall acceptance (mean > 9.0), indicating sensory 

preservation and consumer preference. 

Treatments T01 and T03 also achieved favorable scores, although slightly lower than T05 and 

T06. In contrast, the control treatments (T07: plastic-only; T08: no coating or plastic) received 

significantly lower scores in all sensory parameters, especially in odor and texture, which are critical 

to consumer perception of freshness and ripeness. 

 

Figure 13. Spider plot showing sensory attribute scores (color, odor, texture, sweetness, and overall acceptance) 

of banana fruit subjected to different coating and packaging treatments after storage. 

4. Discussion 

The results obtained in this study demonstrate that the application of coatings had a significant 

effect on preserving the physicochemical properties of Musa paradisiaca fruits during storage, in 

comparison to the untreated control. The coatings contributed to maintaining structural integrity and 

slowing down biochemical changes associated with ripening and senescence. The following section 

provides a comprehensive discussion of the main findings, highlighting the behavior of each 

evaluated parameter  
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4.1. Physical Analysis 

4.1.1. Weight Variation 

All treatments exhibited progressive weight loss during storage. However, T05, consisting of a 

coating combined with low-density polyethylene packaging, achieved the lowest cumulative loss 

(9.4% ± 0.3). This result contrasts sharply with the uncoated and unpackaged control (T08), which 

recorded a significantly higher loss (22.8% ± 0.6), followed by T07 (plastic-only control) at 15.1% ± 0.4, 

confirming the effectiveness of the study. 

The performance of T05 can be attributed to the synergy of its biopolymeric matrix. Cassava 

starch and agar act as film-forming agents with low water vapor permeability, while glycerol 

provides flexibility without compromising structural cohesion [60]. Whey proteins contribute 

emulsifying and antioxidant properties, supporting cellular integrity and delaying senescence 

[17,61]. Moreover, the antifungal and antioxidant activity of Cinnamomum verum essential oil may 

have reduced oxidative stress and respiration, further limiting mass loss. 

T01 to T04, which also included coatings and packaging, showed intermediate weight loss 

values (10.8%–12.8%), with statistically significant differences depending on the polymer-plastic 

combination. Despite also containing coating, T06 was slightly less effective than T05. These findings 

are in line with previous reports where starch-based coatings reduced weight loss in papaya and 

banana by up to 40% under refrigerated conditions [22]. Likewise, blends of chitosan and essential 

oils have been shown to delay dehydration and ripening by modulating gas exchange [62,63]. 

ANOVA results confirmed a highly significant treatment effect (F = 182.3, p < 0.0001). Overall, 

the data validates the hypothesis that combining bioactive coatings and LDPE packaging effectively 

minimizes postharvest weight loss in Musa paradisiaca, offering a viable alternative to conventional 

plastic-only methods. 

4.1.2. Fruit Dimensions 

The reduction in fruit dimensions—specifically length and peel thickness—is a critical indicator 

of structural integrity and water retention during postharvest storage. In the present study, all 

treatments exhibited measurable shrinkage, although the extent varied significantly depending on 

the type of coating and packaging (p < 0.05). 

Length reduction was lowest in T05 (3.7% ± 0.2) and T06 (4.0% ± 0.2), both of which combined 

the antifungal coating with LDPE and HDPE from company C, respectively. In contrast, the uncoated 

and unpackaged control (T08) reached the highest reduction (7.9% ± 0.3), followed by T07 (6.7% ± 0.3). 

Intermediate values were recorded for T01 to T04, ranging from 5.1% to 6.0%. These findings confirm 

the capacity of the coating to limit longitudinal shrinkage, likely by maintaining turgor pressure and 

reducing dehydration through a semi-permeable barrier [64]. 

Similarly, peel thickness loss followed a comparable pattern, the lowest values were found in 

T05 (5.0% ± 0.2) and T06 (5.3% ± 0.2), statistically different from the controls and most other 

treatments (p < 0.05). The highest value again corresponded to T08 (10.6% ± 0.3), highlighting the 

accelerated desiccation in the absence of any protective barrier. T02 and T04 showed moderate 

performance. These trends are consistent with previous studies in papaya and mango, where starch-

based coatings contributed to dimension stabilization by reducing surface transpiration and cellular 

collapse during ripening [19].  

4.1.3. Firmness 

Firmness loss is directly associated with cell wall degradation and moisture loss. In this study, 

firmness varied significantly across treatments (p < 0.05). The untreated control T08 exhibited the 

highest value 32.0%, followed by T07 with 28.5%, indicating advanced softening and textural 

degradation during storage. T05 and T06 were the most effective, registering significantly lower 

values 15.3% and 15.5%, respectively. These coatings maintained the highest textural stability, likely 

due to reduced enzymatic activity and delayed cell wall breakdown [46].  
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The incorporation of agar and starch into the coating matrix has previously been linked to the 

retardation of pectin solubilization, a mechanism in the softening process of climacteric fruits. 

Furthermore, the presence of cinnamon essential oil (Cinnamomum verum), known for its 

antimicrobial and antioxidant effects, may have contributed to the inhibition of ethylene-mediated 

ripening and the reduction of oxidative stress [18]. 

T01–T04 exhibited intermediate firmness losses (25–27%), suggesting that although the coating 

provided partial protection, variations in plastic type or film permeability may have limited its 

efficacy. Overall, the results confirm that coatings based on whey–agar–cassava starch–glycerol, 

especially in combination with LDPE or HDPE, enhance firmness retention during storage, offering 

a promising strategy for maintaining banana quality in the postharvest supply chain. 

4.1.4. Color Parameters 

Critical indicator of ripening and senescence in bananas, as it reflects chlorophyll breakdown 

and carotenoid accumulation. In this study, all color parameters (ΔL*, Δa*, and Δb*) showed 

statistically significant differences among treatments (p < 0.05), confirming that the application of 

antifungal coatings and polyethylene packaging influenced the visual quality of Musa paradisiaca 

during storage [7,45]. 

ΔL* was significantly higher in the uncoated control T08, reaching an average of 12.8, indicative 

of advanced senescence and browning. In contrast, treatments T05 and T06 showed the lowest ΔL* 

values (5.3 and 5.5, respectively), indicating superior retention of surface brightness. The 

effectiveness of these coatings can be attributed to their semi-permeable nature, which reduces 

oxygen diffusion and enzymatic browning reactions   

Δa* (green-to-red) values followed a similar trend. T05 (2.4) and T06 (2.5) exhibited minimal 

shifts, whereas T08 reached a* values above 5.3, confirming advanced peel discoloration. Red color 

development is associated with chlorophyll degradation and anthocyanin synthesis, processes 

accelerated by ethylene exposure and oxidative stress. T05 and T06 likely acted as ethylene barriers, 

delaying this transition, as supported by similar findings in mangoes coated with alginate-based 

films enriched with essential oils [53]. 

Δb* (yellow, blue) was also less pronounced in T05 (3.1) and T06 (3.3), while the greatest decline 

occurred in T08 (6.2). This suggests that color retention in coated bananas was not only linked to 

reduced oxidative stress but also to slower degradation of carotenoid pigments, b* reduction leads to 

dull appearance and lower market acceptability. 

Collectively, these results confirm the positive role of the coating (especially in T05) in 

maintaining peel color during postharvest storage. The balanced composition offered an effective 

barrier to gas exchange and moisture loss, which are critical triggers of pigment transformation. 

Future work could explore the inclusion of natural antioxidants (e.g., green tea extract, rosemary) to 

further enhance color stability during storage [65]. 

4.2. Chemical Analysis  

4.2.1. pH 

pH is associated with the degradation of organic acids during postharvest storage. The results 

revealed statistically significant differences between treatments (p < 0.05), with values ranging from 

5.30 to 5.54. These findings confirm that coatings influenced acid metabolism and helped regulate 

ripening kinetics in Musa paradisiaca [66]. 

T05 and T06 showed the lowest pH values (5.30 and 5.34, respectively), indicating a delayed 

degradation of organic acids. This result is consistent with their higher values, suggesting that 

preserved metabolic stability by creating a semi-permeable barrier to gas exchange, limiting oxygen 

diffusion and reducing respiratory stress. Similar trends were reported with alginate–cinnamon oil 

coatings maintained lower pH in coated tomatoes due to reduced ethylene production and enzymatic 

activity [54]. 
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T08 exhibited the highest pH (5.54), followed closely by T07 (5.52), confirming acid reduction. 

This behavior is characteristic of rapid senescence and corresponds with higher respiration rates 

observed in these treatments. T01 to T04 showed intermediate pH values (5.36 to 5.44), with T04 being 

higher than T01 and T03. The presence of glycerol may have allowed moderate acid retention, but 

less effectively than T05 and T06.  

These results suggest that the formulation of T05 was particularly effective in delaying internal 

biochemical shifts associated with ripening.  

4.2.2. Titratable Acidity 

Reflects the concentration of organic acids in fruits and is a critical indicator of flavor and 

postharvest metabolism. All treatments displayed statistically significant differences in TA values (p 

< 0.05), confirming the influence of edible coatings on acid preservation. 

T05 and T06 maintained the highest levels (0.382 and 0.371 % citric acid, respectively), 

suggesting a delay in the degradation of organic acids. These results agree with the corresponding 

low pH values observed for these treatments, indicating reduced respiratory and enzymatic activity. 

The effectiveness of T05 may be attributed to its cohesive matrix composed, which likely formed a 

semi-permeable barrier, regulating gas exchange and maintaining metabolic stability [67]. 

T08 exhibited the lowest acidity (0.294 ± 0.01 %), followed by T07 (0.319 ± 0.01 %), demonstrating 

a more advanced ripening stage with accelerated acid consumption. These findings aligned with 

previous studies reported that untreated bananas exhibited faster acid decline due to higher 

respiration rates and ethylene production [55]. In contrast, coatings composed of starch and essential 

oils have been shown to maintain higher acidity in mango and guava, delaying senescence [68]. 

Intermediate titratable acidity values were observed in T01–T04 (0.340–0.370 %), with T03 slightly 

outperforming the others, compared to T05 and T06.  

4.2.3. Soluble Solids  

The total soluble solids content of bananas showed significant variation across treatments, with 

the uncoated control (T8) presenting the highest concentration (19.1 ± 0.4 °Brix), followed by T7 

(18.2 ± 0.6 °Brix), both statistically different from the coated treatments (p < 0.0001). In contrast, T5 

and T6 exhibited the lowest °Brix values (16.2 ± 0.3 and 16.4 ± 0.3, respectively), suggesting delayed 

sugar accumulation [36]. These results are consistent with a slower ripening process in coated 

samples, particularly in T5.  

The semipermeable nature of the coating likely reduced oxygen availability and ethylene 

diffusion, thus limiting the activity of enzymes responsible for starch hydrolysis, such as amylases 

and invertases [69]. Lower enzymatic conversion rates from starch to soluble sugars have previously 

been reported in bananas treated with edible coatings containing proteins and polysaccharides. The 

reduced °Brix in T5 aligns with its lower respiration rate, since sugar degradation and synthesis are 

linked to metabolic activity.  

Treatments with higher °Brix values, such as T7 and T8, indicate accelerated ripening and 

increased respiration, leading to greater breakdown of cell wall polysaccharides and soluble sugar 

release [70]. Similar trends have been reported with starch-based coatings with essential oils reduced 

°Brix accumulation in mangoes during storage [70]. Likewise, cassava starch films slowed °Brix 

increase in guava by 28% compared to controls [71]. These studies reinforce the hypothesis that 

composite coatings enriched with bioactive compounds can modulate carbohydrate metabolism and 

delay senescence [72]. The effectiveness of T5 in delaying sugar accumulation may be beneficial for 

extending shelf life and preserving flavor. 

4.3. Respiration Rate 

Significantly affected by the application of antifungal coatings and polyethylene packaging, 

showing a strong correlation with delayed ripening and reduced metabolic activity. T5 registered the 
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lowest value (12.8 mg CO₂ kg⁻¹ h⁻¹), T6 (13.3 mg CO₂ kg⁻¹ h⁻¹), both of which were statistically 

different from the control (T8), which exhibited the highest rate (20.7 mg CO₂ kg⁻¹ h⁻¹). These findings 

highlight the effectiveness of T5 in reducing metabolic heat production. The film’s semipermeable 

nature limited O₂ ingress and CO₂ egress, thereby slowing oxidative processes and ethylene synthesis 

[34].  

Previous studies have shown that coatings based on polysaccharides and proteins can effectively 

regulate gas exchange in climacteric fruits such as banana and mango, reducing respiration and 

delaying ripening [17]. In contrast, the untreated control (T8) and the uncoated polyethylene 

treatment (T7) exhibited elevated respiration rates, consistent with their accelerated ripening and 

greater physicochemical deterioration. T2 and T4 showed moderately elevated value, these results 

reinforce the hypothesis that a balanced combination of biopolymers and plasticizers, coupled with 

bioactive agents, enhances film performance by forming a cohesive matrix with selective 

permeability. This not only protects against microbial contamination but also mitigates metabolic 

acceleration. 

4.4. Microbiological Quality 

The microbiological results demonstrate the effectiveness of antifungal coatings in reducing 

microbial loads on Musa paradisiaca. Treatments T05 and T06, which combined the antifungal coating 

with LDPE and HDPE packaging respectively, showed superior performance in suppressing both 

mesophilic aerobes and surface yeasts and molds. These findings are consistent with their high 

performance across physicochemical and sensory parameters. The active coating, enriched with 

Cinnamomum verum essential oil, likely disrupted microbial membrane integrity and inhibited fungal 

growth.  

Despite being coated and packaged, T01 showed unexpectedly high mesophilic counts 

(2.40 ± 0.06 log CFU/g). This result may be explained by batch-related factors, such as reduced 

adhesion or coverage of the coating matrix on those specific fruits, or lower-quality LDPE packaging 

from supplier A, with suboptimal oxygen barrier properties. Such conditions may have favored 

aerobic microbial activity despite the antifungal formulation. The findings reinforce that the 

combined quality and compatibility of the coating and packaging materials are essential to achieve 

optimal microbial control. While all coated treatments reduced microbial counts below the threshold 

for fresh produce (3.0 log CFU/g), T05 and T06 were the most consistent and reliable in preserving 

microbiological safety and fruit quality. 

4.5. Sensory Evaluation 

Revealed differences in perception of Musa paradisiaca fruit, T5 received the highest scores across 

all attributes—color, odor, texture, sweetness, and overall acceptance— after of T6 and together 

surpassed to all the treatments. even the uncoated plastic control (T07) and the untreated control 

(T08). This confirms that the antifungal coating formulated not only preserved the physicochemical 

integrity of the fruit but also maintained its sensory appeal. Panelists rated T5 high in terms of texture 

and sweetness, likely due to its lower water loss and better firmness retention, as confirmed by 

instrumental analysis.  

The formulation provided a cohesive and semi-permeable film that delayed ripening-related 

degradation, reducing enzymatic softening and sugar concentration peaks that may result in off-

flavors or textural breakdown [7,35,61]. The coating contributes positively to preservation, plasticizer 

content plays a crucial role in the sensory perception, possibly by influencing the rate of metabolic 

changes and aroma compound diffusion. 

T07 and T08 showed significantly lower acceptance, particularly for odor and overall quality. 

This aligns with the higher respiration rates and microbial activity recorded in these treatments, 

which are known to accelerate senescence and lead to off-odors and texture deterioration. The other 

treatments achieved low and have acceptable sensory scores, reinforcing the role of the coating matrix 

itself as a functional barrier. This confirms prior research indicating that biopolymer-based coatings 
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can maintain or even improve perception of tropical fruits during storage when compared to 

traditional packaging [8]. These results demonstrate that the antifungal coating strategy did not 

compromise sensory quality, but rather enhanced it, supporting its potential for commercial 

application.  

4.6. Statistical Analysis 

All experimental data were analyzed using Statgraphics Centurion XVII, applying a one-way 

analysis of variance (ANOVA) to determine the effect of treatments on the physicochemical, 

microbiological, respiratory, and sensory parameters of Musa paradisiaca fruits. Results are expressed 

as mean ± standard deviation, and Tukey’s Honest Significant Difference (HSD) test (α = 0.05) was 

used for multiple comparisons among treatment means. The sensory data were obtained from 18 

semi-trained panelists following a rotational evaluation design. Statistically significant differences (p 

< 0.05) between treatments are indicated by different lowercase letters in the graphical 

representations. 

5. Conclusions 

The combined application of an antifungal coating based on whey, agar, cassava starch, glycerol, 

and cinnamon essential oil (600 ppm), together with polyethylene packaging, demonstrated 

significant effectiveness in preserving the postharvest quality of Musa paradisiaca.  

Among the evaluated treatments, T05 (coating + LDPE) and T06 (coating + HDPE) consistently 

exhibited the most favorable results across physicochemical, microbiological, respiratory, and 

sensory parameters. These treatments achieved the lowest weight and firmness loss, minimized peel 

shrinkage, preserved color and titratable acidity, and maintained high consumer acceptance. 

The bioactive coating functioned as a semi-permeable barrier, reducing water loss, gas exchange, 

and microbial proliferation, while the LDPE and HDPE provided complementary environmental 

protection. The presence of cinnamon essential oil further contributed to microbial control, 

particularly of mesophilic aerobes and surface yeasts and molds.  

These findings support the potential of combining bioactive coatings and polyethylene 

packaging, especially T05 and T06, as a practical and scalable solution for extending banana shelf life.  

Future research should explore the integration of these systems with biodegradable films, 

evaluate commercial logistics conditions, and assess long-term consumer response to coated and 

packaged bananas. 
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