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Abstract
Fresh-cut apples are highly valued for their convenience and nutritional value, yet their marketability is constrained by rapid enzymatic browning, tissue softening and loss of sensory quality during storage. Conventional preservation methods such as refrigeration and chemical additives offer only partial protection and often conflict with consumer demand for minimally processed, clean-label foods. Previous studies have evaluated either single or anti-browning agents over short storage periods with limited focus on browning or colour changes. There is still a significant research gap in the systematic evaluation of composite edible coatings, particularly those based on hydroxypropyl methylcellulose (HPMC) and anti-browning agents, evaluated across a variety of quality indicators over an extended storage period. The combined effects of edible coatings and anti-browning agents on the quality and shelf life of fresh-cut "Royal Gala" apples over 16 days of refrigeration (5 ± 2 °C) were examined in this study. The most effective treatment (T8: 1% HPMC + 0.5% CaCl₂ + 1.5% ascorbic acid) significantly reduced browning index and maintained quality attributes during storage. Aloe vera gel, Tulsi extract, cysteine, CaCl₂ + ascorbic acid and their combinations were the treatments. Browning index (BI), whiteness index (WI), browning potential (BP), headspace gas composition, and sensory attributes were used to evaluate quality. Among treatments, HPMC + CaCl₂ + ascorbic acid (T8) was most effective, significantly reducing BI to 53.52 ± 4.05 versus 246.3 ± 20.17 in the control, maintaining a WI of 54.04 ± 0.52 compared with 23.15 ± 1.32, reducing mean CO₂ accumulation to 16.7% versus 40.2%, and sustaining higher O₂ levels (−17.8% versus −40.6%). T8 also achieved the highest sensory ratings for firmness, flavour, and overall acceptability. This study provides a comparative evaluation of composite edible coatings incorporating hydrocolloids and anti-browning agents, highlighting their combined effectiveness in maintaining quality and extending the shelf life of fresh-cut apples. These results offer a practical, clean-label approach for the fresh-cut fruit industry to mitigate postharvest losses, enhance marketability and promote sustainable food supply chains 
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Introduction
Fresh-cut apples (Malus × domestica Borkh.) are among the most popular minimally processed fruits worldwide due to their pleasant flavour, convenience, and high content of dietary fiber, vitamins, and polyphenols (Petkova et al., 2019). But as soon as they are cut, apples experience physiological and biochemical changes that make them less appealing to consumers and less marketable. The primary issue is enzymatic browning, which is mostly caused by enzymes such as polyphenol oxidase (PPO) and peroxidase (POD). When these enzymes are exposed to oxygen, they oxidize phenolic compounds (Hamdan et al., 2022). During enzymatic browning, the oxidation of phenolic compounds leads to the generation of reactive oxygen species and free radicals, which further accelerate pigment formation and quality deterioration. Browning reduces consumer interest by altering the product's flavour, aroma and nutritional content. Furthermore, during storage, fresh-cut apples may become softer, lose moisture, become contaminated by microorganisms and undergo changes in gas composition. All of these factors may reduce the apples' shelf life (Koushesh et al., 2023).
In order to address these challenges, researchers and industry participants have investigated a variety of postharvest techniques, most commonly using conventional preservation techniques such as refrigeration and chemical preservatives to slow down spoiling, but these techniques are frequently ineffective. As consumers seek out less processed and safe food products, interest in sustainable options has increased, especially in the form of edible coatings and natural anti-browning agents, such as calcium salts and ascorbic acid, which help prevent oxidation, stabilize cell membranes, and lower enzymatic activity (Bartolini et al., 2022). Edible coatings form semi-permeable barriers that can contain antioxidants or antimicrobials, slow respiration, limit oxygen diffusion and minimise water loss.
The efficacy of these treatments, both separately and in combination, has been validated by numerous studies. For example, chitosan-ascorbic acid coatings or carboxymethyl cellulose with calcium chloride can stop fresh-cut apples from browning and keep them firm for 14 days (Özdemir and Gökmen, 2019). According to Kumar et al. (2018), coatings made of polysaccharides and enhanced with organic acids can also preserve color and lower enzymatic activity. Although these findings are promising, the majority of research has a very narrow focus. They frequently look at just one treatment or a limited number of quality attributes, like enzymatic activity or color. Additionally, the majority of studies have examined comparatively brief storage times, typically less than two weeks.
This draws attention to a significant research gap regarding the methodical assessment of approaches that incorporate both edible coatings and anti-browning agents. In this study, fresh-cut apples that have been stored for a long period of time are the subject of thorough quality evaluations. Although hydroxypropyl methylcellulose (HPMC) coatings have good film-forming and barrier qualities, little is known about them. Furthermore, it is uncommon to examine quality indicators such as headspace gas composition, whiteness index, and overall acceptability in addition to conventional browning evaluations. 

Examining the effects of edible coatings and anti-browning agents on the quality and shelf life of fresh-cut apples kept for 16 days was the aim of this study. This study extends existing knowledge by comparatively assessing multi-component edible coating systems over an extended storage period using multiple quality indicators. This study offers an effective strategy for preserving minimally processed fruits after harvest as well as insightful information for improving the market appeal of fresh-cut apples.
Materials and Methods
Experimental Site and Raw Material
The experiment was conducted at the School of Agriculture, Galgotias University in Uttar Pradesh, India. Fresh "Royal Gala" apples (Malus x domestica Borkh.) were bought from an orchard located at an altitude of approximately 1500 m above mean sea level in Himachal Pradesh, India. Fruits with consistent sizes, no visible defects and no microbial infections were selected for the study.
Sample Preparation and Treatments
Apples were carefully washed and sliced into wedges of the same size to ensure consistency. For five minutes, the slices were submerged in the corresponding treatment solutions; the control was distilled water. Natural extracts, edible coatings, anti-browning agents, and their mixtures were used as treatment (Table 1). After being submerged, the extra solution was drained, and the slices were allowed to air dry in a typical laboratory setting.
Treatments applied to fresh-cut apples
A total of twelve treatments were applied to fresh-cut apple slices. T₁ served as the control and consisted of distilled water. Among the natural coatings, T₂ included aloe vera gel at 20% concentration, while T₃ involved hydroxypropyl methylcellulose (HPMC) at 1% and T₄ consisted of tulsi (Ocimum sanctum) extract at 20%. 
Anti-browning treatments included T₅, which consisted of calcium chloride (0.5%) combined with ascorbic acid (1.5%), and T₆, which involved cysteine at 0.2%.
Several combination treatments were also evaluated. T₇ consisted of aloe vera gel (20%) combined with calcium chloride (0.5%) and ascorbic acid (1.5%). T₈ included HPMC (1%) with calcium chloride (0.5%) and ascorbic acid (1.5%), while T₉ consisted of tulsi extract (20%) with calcium chloride (0.5%) and ascorbic acid (1.5%).
Further combinations included T₁₀, which comprised aloe vera gel (20%) with cysteine (0.2%), T₁₁, which involved HPMC (1%) with cysteine (0.2%), and T₁₂, which consisted of tulsi extract (20%) combined with cysteine (0.2%).

Storage Conditions
After being treated, apple wedges were put in food-grade trays, covered with shrink film, and kept in a refrigerator at 5 ± 2 °C. The process was modified from Kumar et al. (2018).
Quality Evaluation
The treated and control samples were regularly examined during a 16-day storage period. The assessments included: 
1. Peel colour: A portable ColorTec PCM device was used to measure the color of the peel. Lightness was indicated by L*, the red-green axis by a*, and the yellow-blue axis by b*.
The Browning Index (BI) was calculated as: 
BI= 
Where, x= (a* + 1.75 L*) / (5.646 L* + a* - 3.012 b*)
Numerical values of L*, a* and b* were also used to calculate whiteness index (WI) as follows:
WI = 100 [(100 – L*)2 + a*2 + b*2] 
2. Headspace gas composition: Headspace gas composition of packaged fresh-cut apple slices was determined using a portable headspace gas analyzer (Model BI-4000, Bhoomi Analyzers, India) equipped with electrochemical (O₂) and infrared (CO₂) sensors. Apple slices after treatment were placed in food-grade plastic trays and sealed with shrink film to create a semi-closed system suitable for gas accumulation during storage.
At each sampling interval (0, 2, 4, 6, 8, 10, 12, 14 and 16 days), headspace gas was measured non-destructively by inserting the analyzer probe through the packaging film using a hypodermic needle, ensuring minimal disturbance to the internal package atmosphere. Prior to each measurement session, the gas analyzer was calibrated according to the manufacturer’s instructions using ambient air to ensure accuracy of O₂ and CO₂ readings.
The concentrations of oxygen (O₂) and carbon dioxide (CO₂) inside the package were recorded for each replication. For comparative assessment among treatments, the data were expressed as relative percentage change from the initial headspace gas composition measured at day 0, rather than as absolute gas concentrations. The relative change was calculated as ΔCO₂ and ΔO₂, where negative ΔO₂ values indicate oxygen depletion due to respiratory activity and positive ΔCO₂ values represent carbon dioxide accumulation during storage.

3. Browning potential: The browning potential (BP) of freshly cut apple wedges was determined using the procedure described by Chiabrando and Giacalone (2011). 
4. Sensory evaluation: A 9-point hedonic scale was used to evaluate color, texture, taste, aroma, visual browning, and overall acceptability. Scores were averaged to calculate treatment means (Ranganna, 1999). The evaluation was performed by a panel of 10 faculty members of School of Agriculture, Galgotias University.
Statistical analysis: Two factors-coating treatments and storage duration were included in the factorial completely randomized design (CRD) of the experiment and replicated thrice. The mean ± standard error (SE) was used to express the results. The significance of treatment and storage effects, as well as their interaction, were tested using two-way analysis of variance (ANOVA) on the data. Wherever the F-test was found significant of treatment at p < 0.05, mean separation was performed using Tukey’s honestly significant difference (HSD) test within each storage day. Analysis was performed in R studio. 
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Browning Index (BI) and Whiteness Index (WI)
The BI of fresh-cut apples increased steadily during refrigerated storage across all treatments, as expected from normal enzymatic activity (Table 2). However, the extent of this increase varied considerably across treatments. The highest BI (246.3± 20.17) was recorded by the untreated control (T1), suggesting that PPO and POD enzyme activity was unrestricted. However, coatings that contain ascorbic acid and CaCl₂, such as T8 (HPMC + CaCl₂ + AA) and T7 (Aloe vera + CaCl₂ + AA), maintained the lowest BI values (53.5± 4.05 – 68.5± 5.26), demonstrating their potent ability to suppress browning. 
Ascorbic acid converts o-quinones back into phenolic compounds, while CaCl₂ stabilizes cell membranes and decreases substrate leakage. These complementary mechanisms explain why CaCl₂ + AA formulations work better (Ali et al., 2015; Xu et al., 2022). The addition of HPMC or aloe vera enhanced these effects by forming semi-permeable films that limited oxygen diffusion. Enzymatic activity decreased as a result (Habibi et al., 2022; Pablo et al., 2024). These results are consistent with research demonstrating that anti-browning agents combined with composite edible coatings are more effective at preventing enzymatic browning (Tosif et al., 2023). 
WI decreased across all treatments, albeit to varying degrees, as Table 3 demonstrates. The control displayed the lowest WI at 23.15 ± 1.32 and the most severe surface discoloration. Consistent with their lower BI, T8 maintained significantly higher values at 54.0 ± 0.52, T9 at 51.1 ± 0.75, and T7 at 50.5 ± 5.26. HPMC coatings maintained surface brightness by lowering oxygen diffusion and holding onto moisture, whereas aloe vera gel offered moderate protection as an antioxidant and antimicrobial (Bizymis et al., 2024; Supapvanich et al., 2016). Cysteine also slowed down browning by binding to o-quinones, but its effect was weaker than that of CaCl₂ + AA (İyidoǧan and Bayındırlı, 2004).



Overall, BI and WI showed a clear inverse relationship, which confirmed that treatments effective in reducing enzymatic browning also preserved colour quality. Among all formulations, T8 consistently offered the most protection among all formulations, demonstrating the advantages of integrating physical barriers (HPMC, Aloe vera), chemical antioxidants (ascorbic acid, cysteine), and structural stabilizers (CaCl₂).



Table 1: Impact of edible coatings on browning index of apples.
	Treatment/Days
	0
	2
	4
	6
	8
	10
	12
	14
	16
	Mean

	T1
	90 ± 1.15 i-w
	99.33 ± 1.2 g-s
	130 ± 3.46 d-j
	254.33 ± 2.19 c
	299 ± 4.36 b
	321.33 ± 8.11 ab
	336 ± 3.06 ab
	339.33 ± 4.63 ab
	347.33 ± 3.71 a
	246.3 ± 20.17 a

	T2
	30 ± 0.58 E
	35 ± 0.58 C-E
	40.67 ± 0.33 A
	53.67 ± 0.67 G
	66 ± 0.58 F
	84 ± 1.53 k-z
	98.67 ± 1.33 g-t
	120 ± 1.15 d-m
	136 ± 2.08 d-h
	73.78 ± 7.08 b

	T3
	30 ± 0.58 E
	34.67 ± 0.33 DE
	45.33 ± 0.33 C
	63 ± 0.58 J
	70.67 ± 0.88 M
	96 ± 1 h-u
	110.33 ± 0.88 e-q
	130.33 ± 2.6 d-j
	153.67 ± 1.86 de
	81.56 ± 8.08 b

	T4
	32 ± 0.58 DE
	37 ± 0.58 A-E
	48.67 ± 0.33 B
	63.67 ± 0.67 J
	75 ± 2.31 K
	102.33 ± 1.2 f-s
	114.67 ± 2.03 d-o
	137.33 ± 1.45 d-h
	158.67 ± 2.03 d
	85.48 ± 8.36 b

	T5
	30 ± 0 E
	35.33 ± 0.33 C-E
	39.33 ± 0.33 A-E
	60 ± 1.15 H
	70.33 ± 0.33 M
	90.33 ± 1.45 i-w
	104.67 ± 0.33 f-r
	123.67 ± 0.67 d-m
	139 ± 0.58 d-h
	76.96 ± 7.36 b

	T6
	34.67 ± 0.88 DE
	40.33 ± 0.33 A
	46 ± 0.58 D
	59 ± 0.58 H
	72 ± 1 M
	91 ± 0.58 i-v
	109 ± 1.53 f-q
	130.67 ± 1.2 d-j
	145.33 ± 3.18 d-f
	80.89 ± 7.49 b

	T7
	31.67 ± 0.33 DE
	37 ± 0.58 A-E
	41.67 ± 0.33 A
	58.33 ± 0.88 H
	68 ± 1.15 I
	80.33 ± 2.03 O
	89 ± 0.58 j-x
	102 ± 1 f-s
	108.67 ± 0.67 f-q
	68.52 ± 5.26 b

	T8
	28.33 ± 0.33 E
	31.67 ± 0.33 DE
	35.33 ± 0.33 C-E
	40.67 ± 0.67 A
	48 ± 0.58 B
	59.33 ± 0.33 H
	70.67 ± 0.67 M
	80.33 ± 1.45 O
	87.33 ± 1.33 j-x
	53.52 ± 4.05 b

	T9
	29.67 ± 0.33 E
	35 ± 1.15 C-E
	39.67 ± 0.33 E
	49.33 ± 0.67 B
	54.67 ± 0.33 N
	70.33 ± 1.45 M
	80 ± 1.15 O
	90.67 ± 1.2 i-v
	98.67 ± 0.88 g-t
	60.89 ± 4.65 b

	T10
	34.33 ± 0.33 DE
	39.33 ± 0.33 A-E
	46.67 ± 0.67 B
	66.33 ± 0.88 F
	74.67 ± 0.88 K
	95.33 ± 2.6 h-u
	112.33 ± 1.2 e-p
	124.33 ± 0.67 d-l
	134.33 ± 0.67 d-i
	80.85 ± 6.94 b

	T11
	30 ± 0.58 E
	35.67 ± 0.67 B-E
	41 ± 0.58 A
	54 ± 0.58 G
	66.33 ± 0.88 F
	84.67 ± 2.03 k-y
	96.67 ± 0.88 h-u
	109 ± 2.08 f-q
	126 ± 1.53 d-k
	71.48 ± 6.37 b

	T12
	34.67 ± 0.88 DE
	39 ± 0.58 A-E
	50.33 ± 0.88 B
	69 ± 1 I
	79.33 ± 0.88 L
	100.33 ± 0.88 g-s
	117.33 ± 1.2 d-n
	131.67 ± 1.2 d-j
	142.67 ± 2.33 d-g
	84.93 ± 7.44 b

	Mean
	36.28 ± 2.76 f
	41.61 ± 2.97 f
	50.39 ± 4.13 ef
	74.28 ± 9.27 d-f
	87 ± 10.9 c-e
	106.28 ± 11.16 b-d
	119.94 ± 11.26 a-c
	134.94 ± 10.81 ab
	148.14 ± 10.75 a
	


Note: Values are mean ± standard error (SE) of three replications. Means followed by different letters within a column differ significantly at p ≤ 0.05 according to Tukey’s HSD test. Both lowercase and uppercase letters represent the same grouping and were used only to accommodate a larger number of comparisons.
Table 2: Impact of edible coatings on whiteness index of apples.
	Treatment/Days
	0
	2
	4
	6
	8
	10
	12
	14
	16
	Mean

	T1
	35.33 ± 0.33 L-T
	32 ± 0 U-Y
	28.33 ± 0.33 H
	22.67 ± 0.33 I
	21 ± 0 J
	19 ± 0 K
	18 ± 0 L
	17 ± 0 M
	15 ± 0 N
	23.15 ± 1.32 g

	T2
	42.67 ± 0.33 A
	40 ± 0 A-G
	38.67 ± 0.33 C-K
	36.33 ± 0.33 I-Q
	34.67 ± 0.33 N-U
	32 ± 0 U-Y
	30.33 ± 0.33 Q
	29 ± 0 S
	28 ± 0.58 O
	34.63 ± 0.96 f

	T3
	42.33 ± 0.33 B
	41.67 ± 0.33 C
	39.33 ± 0.33 B-I
	36.67 ± 0.33 H-P
	35 ± 0 M-U
	33.33 ± 0.33 Q-X
	30.67 ± 0.33 R
	29 ± 0 S
	26.67 ± 0.33 T
	34.96 ± 1.03 ef

	T4
	41.33 ± 0.33 C
	41 ± 0.58 E
	39.67 ± 0.33 A-H
	39 ± 0.58 C-J
	37.33 ± 0.33 F-N
	36 ± 0 J-R
	33.67 ± 0.33 P-W
	32.67 ± 0.33 S-X
	31.33 ± 0.33 V-Z
	36.89 ± 0.69 d-f

	T5
	50.33 ± 0.33 i-m
	47.33 ± 0.33 m-s
	45.67 ± 0.33 q-v
	44 ± 0.58 t-y
	41.67 ± 0.33 F
	40.33 ± 0.33 P
	38 ± 0.58 E-M
	36.33 ± 0.33 I-Q
	34 ± 0 O-V
	41.96 ± 1 c

	T6
	42.67 ± 0.33 D
	41.67 ± 0.33 F
	39 ± 0 C-J
	38.33 ± 0.33 D-L
	35.67 ± 0.33 K-S
	34.67 ± 0.33 N-U
	34 ± 0.58 O-V
	33 ± 0 R-X
	32.33 ± 0.33 T-X
	36.81 ± 0.7 d-f

	T7
	55.33 ± 0.33 a-e
	54 ± 0 c-g
	52.67 ± 0.33 d-i
	52.33 ± 0.33 e-i
	50 ± 0.58 i-n
	49 ± 0 j-p
	48.33 ± 0.33 k-r
	46.67 ± 0.33 o-t
	46 ± 0 p-u
	50.48 ± 0.61 ab

	T8
	58 ± 0.58 a
	57.67 ± 0.67 ab
	55.67 ± 0.33 a-d
	54.67 ± 0.33 b-f
	53.67 ± 0.33 c-h
	52.67 ± 0.33 d-i
	52.33 ± 0.33 e-i
	51.67 ± 0.33 f-j
	50 ± 0.58 i-n
	54.04 ± 0.52 a

	T9
	56.67 ± 0.33 a-c
	54.33 ± 0.33 c-f
	55 ± 0.58 a-e
	53.67 ± 0.33 c-h
	51 ± 0 g-k
	49.67 ± 0.33 i-o
	47.67 ± 0.33 l-r
	46.67 ± 0.33 o-t
	45.33 ± 0.33 r-w
	51.11 ± 0.75 ab

	T10
	45.33 ± 0.33 r-w
	43.33 ± 0.33 u-z
	42.33 ± 0.33 B
	41 ± 0.58 E
	39.67 ± 0.33 A-H
	38.33 ± 0.33 D-L
	37 ± 0 G-O
	36 ± 0.58 J-R
	35.33 ± 0.33 L-T
	39.81 ± 0.65 cd

	T11
	52.67 ± 0.67 d-i
	50.67 ± 0.33 h-l
	49.67 ± 0.33 i-o
	48.67 ± 0.33 j-q
	48.67 ± 0.33 j-q
	47 ± 0.58 n-t
	46 ± 0.58 p-u
	45.33 ± 0.33 r-w
	44.33 ± 0.33 s-x
	48.11 ± 0.51 b

	T12
	42.67 ± 0.33 A
	42.33 ± 0.33 B
	40.67 ± 0.33 G
	39.67 ± 0.33 A-H
	38.67 ± 0.33 C-K
	37 ± 0.58 G-O
	36 ± 0 J-R
	34.67 ± 0.33 N-U
	34.33 ± 0.33 N-V
	38.44 ± 0.59 c-e

	Mean
	47.11 ± 1.17 a
	45.5 ± 1.2 ab
	43.89 ± 1.31 a-c
	42.25 ± 1.48 a-d
	40.58 ± 1.49 b-e
	39.08 ± 1.53 c-e
	37.67 ± 1.56 c-e
	36.5 ± 1.57 de

	35.22 ± 1.61 e
	


Note: Values are mean ± standard error (SE) of three replications. Means followed by different letters within a column differ significantly at p ≤ 0.05 according to Tukey’s HSD test. Both lowercase and uppercase letters represent the same grouping and were used only to accommodate a larger number of comparisons.








Browning Potential (BP)
During storage, the BP of fresh-cut apples increased steadily, which can be due to the synergistic effects of polyphenol oxidase (PPO) and peroxidase (POD) (Table 4). The untreated control (T1) consistently showed the highest BP values (1.88 ± 0.17), indicating rapid tissue discolouration due to unregulated enzymatic oxidation of phenolic compounds. In contrast, all coated or anti-browning treatments significantly lowered BP (p<0.05), which shows that coatings and antioxidant agents effectively suppressed enzymatic browning.
The most effective composite coatings were those that combined hydrocolloids with anti-browning agents. Among all the treatments, HPMC + CaCl₂ + AA treatment (T8) had the lowest BP (0.79± 0.04), followed by HPMC + AA (T11), Aloe Vera + CaCl₂ + AA (T7), and Tulsi + CaCl₂ + AA (T9). All of these treatments maintained BP readings below 0.90 during the storage period. These treatments consistently postponed browning in comparison to the control and single-component coatings. Hydrocolloids like HPMC form semi-permeable barriers to oxygen, ascorbic acid acts as a potent antioxidant by converting o-quinones back into phenolics, and calcium chloride fortifies cell wall integrity, which decreases the leakage of phenolic substances (Hamdan et al., 2022). 
Aloe vera gel and cysteine formulations demonstrated mediocre efficacy. Both treatments reduced BP compared to the control, but they were not as effective as coatings made with CaCl₂ and AA. Aloe vera likely helps by retaining moisture and providing antimicrobial benefits. Cysteine, an amino acid with a thiol group, probably reduced browning by binding to o-quinones and stopping pigment formation. However, their protective effects were weaker than those of the CaCl₂ and AA systems, which seemed more stable and reliable. These findings support previous reports that composite coatings with anti-browning agents can effectively prevent enzymatic browning in fresh-cut fruits (Kumar et al., 2018).
The results demonstrate that composite edible coatings that combine physical barriers with anti-browning agents are very effective at preventing enzymatic browning in fresh-cut apples. Formulations that include HPMC, aloe vera, or tulsi along with CaCl₂ and ascorbic acid not only reduced BP but also kept the visual quality of apple wedges better during storage.
Headspace Gas Composition
The headspace CO2 increased consistently across all treatments, indicating that respiration activity continued throughout the storage period (Table 5). The control (T1) was the fastest, with a headspace CO2 concentration of 70.11% by day 16 (40.15±4.53), which was much higher than the coated treatments. Coated samples, however, showed noticeably less CO2 accumulation. The lowest average concentration was found in HPMC + CaCl₂+ ascorbic acid (T8: 16.66±1.8), followed by HPMC + cysteine (T11: 19.15±2.15) and Tulsi + CaCl₂+ AA (T9: 18.69±2.09). These results demonstrate the effectiveness of composite coatings in reducing respiration and delaying senescence, especially those that contain hydrocolloids and antioxidants. 
Reduced CO2 production results from the structural role of Ca2+ in maintaining the integrity of the cell wall, the antioxidant properties that lessen oxidative stress, and the semi-permeable nature of HPMC and Aloe vera gels, which limit gas diffusion (Pablo et al., 2024). Previous research has shown similar outcomes, with edible coatings altering storage conditions to increase shelf life and delay spoiling (Kumar et al., 2018). 
The oxygen levels, on the other hand, exhibited the opposite trend, gradually dropping over storage (Table 6). The control had the steepest decline, showing the highest magnitude of oxygen depletion (ΔO₂) by day 16. The most successful coated treatments were T8 (-17.81 ± 2.08), T9 (-20.08 ± 2.42), and T11 (-20.36 ± 2.41). These treatments maintained significantly lower oxygen depletion (ΔO₂), indicating moderated respiration. These treatments were statistically similar despite numerical differences, suggesting that coatings inhibited anaerobic metabolism while reducing respiration. Additional proof that coatings produced a modified microenvironment that promoted aerobic respiration while preventing fermentative changes comes from stabilized O2 levels. 
The combined CO2 and O2 profiles demonstrate how composite coatings control respiration and preserve metabolic balance. In order to simulate controlled atmosphere storage, treatments like T8, T9, T11, and T12 steadily reduced CO2 accumulation and moderated O2 depletion. In line with BI findings, this microenvironment maintained freshness and slowed enzymatic browning. In addition to preventing browning, edible coatings also control gas exchange, stabilize tissues, and increase the marketable life of fresh-cut apples when calcium ions, which strengthen the cell wall, hydrocolloids, which serve as an oxygen barrier, and antioxidants, which neutralize oxidative intermediaries, combine. The effectiveness of composite coatings can be attributed to the synergistic interaction of their components. Hydrocolloids such as HPMC and Aloe vera form semi-permeable films that restrict oxygen diffusion and moisture loss, thereby slowing respiration. Calcium ions reinforce cell wall integrity through pectin cross-linking, reducing cellular leakage, while antioxidants such as ascorbic acid and cysteine mitigate oxidative stress by reducing o-quinones back to phenolic compounds. Together, these mechanisms contribute to delayed browning and metabolic stabilization.









Table 3: Impact of edible coatings on browning potential (Abs 440 nm) of apples.
	Treatments/Days
	0
	2
	4
	6
	8
	10
	12
	14
	16
	Mean

	T1
	0.54 ± 0.01 S-U
	0.8 ± 0.01 G-O
	1.19 ± 0.01 p-x
	1.58 ± 0.01 f-j
	1.98 ± 0.02 d
	2.38 ± 0.01 c
	2.62 ± 0.03 b
	2.86 ± 0.02 a
	2.98 ± 0.01 a
	1.88 ± 0.17 a

	T2
	0.45 ± 0 U
	0.55 ± 0 S-U
	0.7 ± 0.01 M-S
	0.9 ± 0 D-L
	1.1 ± 0 D
	1.31 ± 0.01 k-s
	1.45 ± 0.01 i-m
	1.56 ± 0.02 g-j
	1.65 ± 0.02 e-h
	1.07 ± 0.08 b

	T3
	0.45 ± 0 U
	0.58 ± 0 Q-U
	0.75 ± 0 J-Q
	0.94 ± 0.01 B-K
	1.15 ± 0 F
	1.34 ± 0.01 k-q
	1.49 ± 0.01 h-k
	1.64 ± 0.01 e-i
	1.76 ± 0.01 ef
	1.12 ± 0.09 b

	T4
	0.46 ± 0 U
	0.6 ± 0 P-U
	0.8 ± 0.01 G-N
	1.01 ± 0.01 A
	1.19 ± 0 o-w
	1.39 ± 0 j-n
	1.57 ± 0.01 f-j
	1.71 ± 0.02 e-g
	1.8 ± 0.01 de
	1.17 ± 0.09 b

	T5
	0.5 ± 0 TU
	0.62 ± 0 N-U
	0.79 ± 0.01 H-P
	0.95 ± 0.01 A-I
	1.1 ± 0.01 D
	1.26 ± 0.01 m-u
	1.34 ± 0.02 k-q
	1.43 ± 0.01 j-m
	1.49 ± 0.01 h-k
	1.06 ± 0.07 b

	T6
	0.47 ± 0 U
	0.6 ± 0 P-U
	0.77 ± 0.01 I-Q
	0.94 ± 0.01 B-K
	1.12 ± 0.02 E
	1.28 ± 0.02 l-t
	1.39 ± 0.01 j-o
	1.48 ± 0.01 h-k
	1.56 ± 0 g-j
	1.07 ± 0.07 b

	T7
	0.46 ± 0 U
	0.55 ± 0.01 R-U
	0.68 ± 0.01 M-T
	0.81 ± 0.01 G-N
	0.96 ± 0.01 G
	1.06 ± 0.01 C
	1.12 ± 0.01 E
	1.16 ± 0.01 p-z
	1.2 ± 0.01 n-w
	0.89 ± 0.05 b

	T8
	0.46 ± 0 U
	0.52 ± 0.01 S-U
	0.64 ± 0.01 N-U
	0.75 ± 0.01 K-R
	0.84 ± 0.01 F-M
	0.91 ± 0.01 C-K
	0.98 ± 0 H
	0.99 ± 0 J
	1.07 ± 0.01 C
	0.79 ± 0.04 b

	T9
	0.45 ± 0 U
	0.55 ± 0 S-U
	0.69 ± 0.01 M-T
	0.84 ± 0.01 E-M
	0.95 ± 0.01 B-J
	1.04 ± 0.01 B
	1.13 ± 0.01 I
	1.18 ± 0.01 p-x
	1.2 ± 0.01 n-w
	0.89 ± 0.05 b

	T10
	0.47 ± 0 U
	0.58 ± 0.01 Q-U
	0.75 ± 0 K-R
	0.9 ± 0 D-L
	1.04 ± 0.01 B
	1.19 ± 0.01 p-x
	1.33 ± 0.01 k-r
	1.39 ± 0.01 j-n
	1.44 ± 0.01 j-m
	1.01 ± 0.07 b

	T11
	0.46 ± 0 U
	0.54 ± 0 S-U
	0.71 ± 0.01 L-S
	0.82 ± 0.01 F-N
	0.95 ± 0.01 A-J
	1.06 ± 0.01 C
	1.12 ± 0.01 E
	1.17 ± 0.01 p-y
	1.22 ± 0 n-v
	0.89 ± 0.05 b

	T12
	0.46 ± 0 U
	0.6 ± 0.01 O-U
	0.79 ± 0.01 H-P
	0.92 ± 0.01 C-K
	1.08 ± 0.01 C
	1.22 ± 0.01 n-v
	1.36 ± 0.01 k-p
	1.47 ± 0.01 h-l
	1.49 ± 0.01 h-k
	1.04 ± 0.07 b

	Mean
	0.47 ± 0 g
	0.59 ± 0.01 fg
	0.77 ± 0.02 ef
	0.95 ± 0.03 de
	1.12 ± 0.05 cd
	1.29 ± 0.06 bc
	1.41 ± 0.07 ab
	1.5 ± 0.08 ab
	1.57 ± 0.08 a
	


Note: Values are mean ± standard error (SE) of three replications. Means followed by different letters within a column differ significantly at p ≤ 0.05 according to Tukey’s HSD test. Both lowercase and uppercase letters represent the same grouping and were used only to accommodate a larger number of comparisons.

Table 4: Effect of edible coatings on relative change in headspace ∆ CO2 concentration (%) of apples during storage.
	Treatments/Days
	0
	2
	4
	6
	8
	10
	12
	14
	16
	 Mean

	T1
	2 ± 0.01 L
	10.09 ± 0.09 H-K
	21.66 ± 0.17 A
	34.51 ± 0.25 g-p
	44.98 ± 0.75 d
	53.92 ± 0.54 c
	59.88 ± 0.45 bc
	64.15 ± 0.56 ab
	70.11 ± 0.78 a
	40.15 ± 4.53 a

	T2
	1.4 ± 0 L
	6.03 ± 0.02 J-L
	11.94 ± 0.12 F-K
	17.89 ± 0.2 A-G
	25.18 ± 0.27 G
	31.53 ± 0.25 i-s
	36.26 ± 0.24 f-l
	40.01 ± 0.64 d-h
	42.14 ± 0.38 d-f
	23.6 ± 2.78 b

	T3
	1.51 ± 0.02 L
	6.45 ± 0.06 J-L
	13.08 ± 0.14 E-J
	19.07 ± 0.1 B
	25.83 ± 0.27 r-z
	34.36 ± 0.18 g-q
	37.88 ± 0.28 d-j
	41.29 ± 0.36 d-g
	44.29 ± 0.22 de
	24.86 ± 2.9 b

	T4
	1.61 ± 0.01 L
	6.95 ± 0.02 I-L
	14.03 ± 0.2 D-I
	19.85 ± 0.22 C
	27.04 ± 0.3 q-y
	34.68 ± 0.24 g-n
	38.89 ± 0.41 d-i
	42.37 ± 0.34 d-f
	45.03 ± 0.72 d
	25.61 ± 2.93 b

	T5
	1.3 ± 0.01 L
	5.46 ± 0.05 KL
	10.91 ± 0.08 G-K
	16.18 ± 0.1 B-H
	21.94 ± 0.03 D
	28.2 ± 0.12 m-x
	30.97 ± 0.41 j-s
	33.81 ± 0.1 h-q
	36.1 ± 0.18 f-l
	20.54 ± 2.35 b

	T6
	1.39 ± 0.01 L
	5.9 ± 0.05 J-L
	12.02 ± 0.12 F-K
	16.96 ± 0.1 B-H
	22.86 ± 0.18 H
	28.61 ± 0.23 m-w
	31.86 ± 0.36 i-s
	34.97 ± 0.09 f-n
	36.9 ± 0.09 e-k
	21.27 ± 2.39 b

	T7
	1.19 ± 0.01 L
	5.06 ± 0.05 KL
	9.91 ± 0.09 H-K
	15.02 ± 0.09 C-H
	19.99 ± 0.04 C
	25.15 ± 0.17 G
	27.12 ± 0.14 p-y
	29.17 ± 0.25 l-v
	30.37 ± 0.21 k-t
	18.11 ± 2.01 b

	T8
	1.1 ± 0 L
	4.78 ± 0.04 KL
	9.56 ± 0.07 H-K
	14.01 ± 0.01 D-I
	19 ± 0.27 I
	23.19 ± 0.24 F
	24.81 ± 0.11 G
	26.33 ± 0.23 r-z
	27.17 ± 0.09 o-y
	16.66 ± 1.8 b

	T9
	1.2 ± 0.01 L
	5.24 ± 0.03 KL
	10.05 ± 0.03 H-K
	14.89 ± 0.09 C-H
	21 ± 0.1 E
	25.99 ± 0.12 r-z
	27.71 ± 0.21 n-x
	30.1 ± 0.08 k-u
	32.02 ± 0.23 i-s
	18.69 ± 2.09 b

	T10
	1.29 ± 0.01 L
	5.78 ± 0.08 J-L
	10.99 ± 0.14 G-K
	15.79 ± 0.12 B-H
	21.77 ± 0.12 D
	28.1 ± 0.14 m-x
	31.82 ± 0.38 i-s
	34.6 ± 0.22 g-o
	36.36 ± 0.32 f-l
	20.72 ± 2.39 b

	T11
	1.2 ± 0 L
	5.52 ± 0.02 KL
	10.6 ± 0.06 G-K
	14.97 ± 0.12 C-H
	20.92 ± 0.2 E
	26 ± 0.28 r-z
	29.15 ± 0.25 l-v
	31.25 ± 0.27 j-s
	32.78 ± 0.15 h-r
	19.15 ± 2.15 b

	T12
	1.29 ± 0.01 L
	5.95 ± 0.03 J-L
	11.97 ± 0.06 F-K
	16.94 ± 0.07 B-H
	22.94 ± 0.2 F
	29.1 ± 0.14 l-w
	32.95 ± 0.04 h-r
	35.48 ± 0.26 f-m
	37.97 ± 0.51 d-j
	21.62 ± 2.46 b

	Mean
	1.37 ± 0.04 f
	6.1 ± 0.23 f
	12.23 ± 0.53 e
	18.01 ± 0.89 d
	24.45 ± 1.12 c
	30.73 ± 1.31 b
	34.11 ± 1.49 ab
	36.96 ± 1.6 a
	39.27 ± 1.8 a
	


Note: Values are mean ± standard error (SE) of three replications. Means followed by different letters within a column differ significantly at p ≤ 0.05 according to Tukey’s HSD test. Both lowercase and uppercase letters represent the same grouping and were used only to accommodate a larger number of comparisons



Table 5: Impact of edible coatings on relative change in headspace ∆O2 concentration (%) of apples during storage.

	Treatments/Days
	0
	2
	4
	6
	8
	10
	12
	14
	16
	Mean

	T1
	0 ± 0 a
	-10 ± 0.12 b-e
	-19.7 ± 0.17 f-o
	-35 ± 0.29 A
	-45.23 ± 0.39 K
	-55.1 ± 0.55 L
	-62.37 ± 0.47 LM
	-67.53 ± 0.47 M
	-70.93 ± 0.52 M
	-40.65 ± 4.81 b

	T2
	0 ± 0 a
	-5.93 ± 0.07 a-c
	-12 ± 0.12 b-g
	-18.17 ± 0.09 e-m
	-24.8 ± 0.15 k-t
	-32.17 ± 0.17 C
	-37.1 ± 0.38 H
	-41.17 ± 0.38 F-K
	-42.97 ± 0.2 H-K
	-23.81 ± 2.9 a

	T3
	0 ± 0 a
	-6.9 ± 0.06 a-d
	-12.93 ± 0.12 b-h
	-19.03 ± 0.32 f-n
	-27.4 ± 0.23 n-w
	-33.87 ± 0.3 D
	-39.07 ± 0.23 D-K
	-42.5 ± 0.29 G-K
	-45.27 ± 0.15 K
	-25.22 ± 3.02 a

	T4
	0 ± 0 a
	-7 ± 0.12 a-d
	-14.03 ± 0.15 c-i
	-20.27 ± 0.13 g-o
	-27.87 ± 0.19 o-x
	-34.47 ± 0.29 A
	-39.97 ± 0.66 E-K
	-44.13 ± 0.47 I-K
	-44.93 ± 0.58 JK
	-25.85 ± 3.05 a

	T5
	0 ± 0 a
	-5 ± 0.06 ab
	-11.1 ± 0.1 b-f
	-16.2 ± 0.1 e-k
	-22.97 ± 0.03 j-r
	-29.9 ± 0.44 E
	-34.27 ± 0.32 A
	-36.13 ± 0.41 L
	-38.5 ± 0.29 B-K
	-21.56 ± 2.62 a

	T6
	0 ± 0 a
	-5.97 ± 0.03 a-c
	-12.1 ± 0.1 b-g
	-17.23 ± 0.12 e-l
	-24.17 ± 0.22 k-t
	-31.17 ± 0.09 B
	-36.27 ± 0.18 I
	-38 ± 0.23 H
	-39.3 ± 0.35 D-K
	-22.69 ± 2.7 a

	T7
	0 ± 0 a
	-5.07 ± 0.03 ab
	-9.97 ± 0.09 b-e
	-15.1 ± 0.06 d-j
	-20.97 ± 0.03 h-p
	-26.9 ± 0.32 m-v
	-30.27 ± 0.15 J
	-32.3 ± 0.21 C
	-32.77 ± 0.12 N
	-19.26 ± 2.28 a

	T8
	0 ± 0 a
	-4.43 ± 0.03 ab
	-9.7 ± 0.1 b-e
	-14.17 ± 0.09 c-i
	-19.93 ± 0.07 g-o
	-24.93 ± 0.29 k-t
	-28.03 ± 0.32 o-y
	-29.33 ± 0.2 p-z
	-29.73 ± 0.15 O
	-17.81 ± 2.08 a

	T9
	0 ± 0 a
	-5.17 ± 0.03 ab
	-10.13 ± 0.09 b-e
	-15.03 ± 0.09 d-j
	-21.87 ± 0.19 i-q
	-27.87 ± 0.19 o-x
	-31.57 ± 0.26 K
	-33.73 ± 0.32 M
	-35.37 ± 0.27 H
	-20.08 ± 2.42 a

	T10
	0 ± 0 a
	-5.9 ± 0.06 a-c
	-12.23 ± 0.12 b-h
	-16.8 ± 0.15 e-l
	-23.97 ± 0.09 k-s
	-31 ± 0.23 B
	-35.6 ± 0.23 F
	-38.13 ± 0.3 A-K
	-38.77 ± 0.45 C-K
	-22.49 ± 2.68 a

	T11
	0 ± 0 a
	-5.47 ± 0.03 a-c
	-11.07 ± 0.12 b-f
	-15.1 ± 0.06 d-j
	-22.2 ± 0.12 i-q
	-28.23 ± 0.28 o-y
	-32.4 ± 0.3 C
	-34.03 ± 0.32 D
	-34.77 ± 0.39 A
	-20.36 ± 2.41 a

	T12
	0 ± 0 a
	-6.2 ± 0 a-c
	-12 ± 0.06 b-g
	-17.73 ± 0.13 e-l
	-25.07 ± 0.03 l-u
	-32.2 ± 0.15 C
	-36.77 ± 0.34 G
	-38.87 ± 0.19 C-K
	-39.73 ± 0.15 D-K
	-23.17 ± 2.75 a

	Mean
	0 ± 0 a
	-6.09 ± 0.23 b
	-12.25 ± 0.43 c
	-18.32 ± 0.9 d
	-25.54 ± 1.08 e
	-32.32 ± 1.25 f
	-36.97 ± 1.42 fg
	-39.66 ± 1.59 g
	-41.09 ± 1.7 g
	




Note: Values are mean ± standard error (SE) of three replications. Means followed by different letters within a column differ significantly at p ≤ 0.05 according to Tukey’s HSD test. Both lowercase and uppercase letters represent the same grouping and were used only to accommodate a larger number of comparisons.
Sensory evaluation
On Day 0, the fresh-cut apples' sensory qualities were consistent across all treatments, indicating a stable baseline (Fig. 1). But by day eight, there was a noticeable shift. A sharp drop in quality was indicated by the untreated control (T1), which showed the highest browning and the lowest ratings for sweetness, flavour, firmness, and overall acceptability (OA). Coatings enhanced with stabilisers and anti-browning agents, specifically T8 (HPMC+ CaCl₂+Ascorbic acid), T9 (Tulsi+ CaCl₂+AA), and T7 (Aloe vera+ CaCl₂+AA), significantly decreased browning while retaining higher levels of sweetness, flavour, firmness, and OA. While formulations containing cysteine (T10, T11, and T12) inhibited browning through quinone binding, they received significantly lower acceptability scores. In contrast, aloe vera-based coatings (T7, T12) maintained moderate levels of sweetness and flavour. With only a minor loss in control due to advanced deterioration, sourness stayed largely consistent.
By day 16, treatment effects were more pronounced. The control (T1) displayed severe browning and markedly reduced sweetness, flavour, firmness and OA, rendering it unacceptable to consumers. In contrast, T8 maintained the best overall sensory profile with minimal browning and superior ratings across all attributes, followed by T9 and T7. The tables clearly demonstrate that the most effective treatments combined physical barriers (HPMC/ Aloe vera) with chemical anti-browning, limiting oxygen diffusion, stabilising cell walls and preserving organoleptic qualities. 
The superior performance of T8 can be attributed to the combined action of its components: HPMC formed a semipermeable film that reduced oxygen ingress and moisture loss, Ca2+ reinforced firmness through pectin cross-linking, and ascorbic acid suppressed quinone formation by reducing o-quinones to phenolics. Together, these mechanisms prevented both sensory and visual quality, corroborating previous findings that composite coatings containing antioxidants and calcium salts significantly extend the sensory life of fresh-cut fruits (Saba and Sogvar, 2016; Kumar et al., 2018). Overall, while all coatings delayed spoilage to some extent, T8 consistently provided the highest consumer-relevant sensory quality throughout 16 days of refrigerated storage. 
Table 6: Sensory evaluation of apples on day 0, 8 and 16.
	Quality attributes
	Treatment/Days
	Day 0
	Day 8
	Day 16

	Firmness
	T1
	8.8 a
	3.67 mn
	1.67 q

	
	T2
	8.77 a
	4.58 kl
	3.4 n

	
	T3
	8.73 a
	5.39 hi
	3.75 mn

	
	T4
	8.8 a
	3.89 m
	2.12 p

	
	T5
	8.8 a
	6.89 d
	5.46 hi

	
	T6
	8.73 a
	4.88 jk
	2.72 o

	
	T7
	8.73 a
	7.35 c
	6.13 f

	
	T8
	8.77 a
	7.73 b
	6.67 de

	
	T9
	8.8 a
	6.83 d
	5.75 gh

	
	T10
	8.8 a
	5.97 fg
	4.81 jk

	
	T11
	8.73 a
	6.29 ef
	5.12 ij

	
	T12
	8.77 a
	5.76 gh
	4.32 l

	Browning
	T1
	1 m
	5.06 g
	7.76 a

	
	T2
	1 m
	4.66 h
	6.81 c

	
	T3
	1 m
	4.42 i
	6.37 d

	
	T4
	1 m
	5.06 g
	7.68 a

	
	T5
	1 m
	3.42 k
	4.82 h

	
	T6
	1 m
	4.72 h
	7.12 b

	
	T7
	1 m
	2.97 l
	4.33 i

	
	T8
	1 m
	2.77 l
	4.04 j

	
	T9
	1 m
	3.49 k
	4.66 h

	
	T10
	1 m
	4.1 j
	5.63 f

	
	T11
	1 m
	4.04 j
	5.56 f

	
	T12
	1 m
	4.1 j
	6.11 e

	Sweetness
	T1
	8.7 a
	3.47 k
	1.64 n

	
	T2
	8.73 a
	4.69 i
	3.08 l

	
	T3
	8.73 a
	5.28 h
	3.45 k

	
	T4
	8.7 a
	4.01 j
	2.22 m

	
	T5
	8.7 a
	6.76 de
	5.28 h

	
	T6
	8.73 a
	4.27 j
	2.43 m

	
	T7
	8.63 a
	7.36 c
	6.62 e

	
	T8
	8.67 a
	7.89 b
	6.75 de

	
	T9
	8.63 a
	7.03 cd
	6.07 f

	
	T10
	8.7 a
	6.11 f
	4.69 i

	
	T11
	8.63 a
	5.93 fg
	4.83 i

	
	T12
	8.73 a
	5.64 g
	4.01 j

	Sourness
	T1
	8.3 a
	3.69 n
	1.56 r

	
	T2
	8.27 a
	4.46 jk
	3.22 o

	
	T3
	8.33 a
	4.79 ij
	3.7 mn

	
	T4
	8.3 a
	3.89 mn
	2.05 q

	
	T5
	8.3 a
	6.08 fg
	4.98 i

	
	T6
	8.37 a
	4.06 lm
	2.45 p

	
	T7
	8.37 a
	7.05 c
	6.32 ef

	
	T8
	8.37 a
	7.5 b
	6.53 de

	
	T9
	8.33 a
	6.79 cd
	5.92 g

	
	T10
	8.3 a
	5.53 h
	4.35 kl

	
	T11
	8.37 a
	6.07 fg
	4.87 i

	
	T12
	8.37 a
	5.55 h
	3.91 mn

	Flavour
	T1
	8.9 a
	3.86 j
	1.81 m

	
	T2
	8.87 a
	4.9 h
	3.53 j

	
	T3
	8.83 a
	5.52 g
	3.69 j

	
	T4
	8.9 a
	4.39 i
	2.21 l

	
	T5
	8.9 a
	6.7 def
	5.56 g

	
	T6
	8.87 a
	4.9 h
	3.01 k

	
	T7
	8.87 a
	7.48 c
	6.39 f

	
	T8
	8.8 a
	8.06 b
	6.8 de

	
	T9
	8.83 a
	7.07 d
	5.8 g

	
	T10
	8.9 a
	5.83 g
	4.67 hi

	
	T11
	8.83 a
	6.61 ef
	4.87 h

	
	T12
	8.83 a
	5.65 g
	3.89 j

	OAA
	T1
	8.8 a
	3.74 m
	1.7 q

	
	T2
	8.73 a
	4.51 k
	3.13 n

	
	T3
	8.77 a
	5.28 hi
	3.31 n

	
	T4
	8.8 a
	4.02 lm
	2.07 p

	
	T5
	8.8 a
	6.4 ef
	5.2 i

	
	T6
	8.77 a
	4.58 jk
	2.45 o

	
	T7
	8.73 a
	7.06 c
	6.12 fg

	
	T8
	8.77 a
	7.36 b
	6.53 de

	
	T9
	8.77 a
	6.76 d
	5.46 hi

	
	T10
	8.8 a
	5.56 h
	4.39 k

	
	T11
	8.83 a
	5.92 g
	4.82 j

	
	T12
	8.73 a
	5.35 hi
	4.1 l







Conclusion 
[bookmark: _GoBack]This study shows that using edible coatings fortified with anti-browning agents is an effective strategy to maintain the freshness, appearance and sensory quality of fresh-cut apples during refrigerated storage. The coatings with HPMC, CaCl₂, and ascorbic acid (T₈) combined produced the best results out of all the treatments. They successfully stopped enzymatic browning, preserved surface whiteness, reduced respiration rate, and maintained high overall acceptability for up to 16 days. To a lesser degree, quality retention was also enhanced by combining coatings such as tulsi and aloe vera with calcium chloride and ascorbic acid. Browning was successfully decreased by cysteine-containing treatments, but flavour and general sensory quality were not as well preserved. These results demonstrate how antioxidants, hydrocolloids, and calcium salts work together to improve the nutritional value and aesthetic appeal of minimally processed apples, increasing their marketability. The study contributes applied insights into the performance of composite edible coatings for fresh-cut apples under refrigerated storage. The study provided a comprehensive understanding of coating efficacy by closely evaluating physicochemical, physiological, and sensory parameters over a prolonged storage period. To encourage widespread use, future studies should concentrate on creating these formulations for industrial use, investigating novel plant-based biopolymers and antioxidants, and evaluating consumer acceptability and financial viability. This method's adaptability could be further confirmed by using it on other perishable fruits under various storage circumstances. These laboratory-scale innovations need to be translated into workable postharvest solutions to lessen food waste, support sustainable food systems, and satisfy consumers' increasing demand for fresh-cut produce that is natural, safe, and of high quality.
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