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1. Introduction 

Post-harvest quality care is an essential component of fruit and vegetable production, and the 

freshness, nutritional value, safety, marketability, and shelf life of fresh produce are all affected by 

postharvest physiological processes. Even after harvesting, fruits continue to respire, transpire, mature, 

senesce, and undergo metabolic changes. Firmness, color, flavor, nutritional content, and overall 

consumer appeal may gradually decrease as a result of these processes.
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Abstract: The fig fruits (Ficus carica L.) can be easily damaged in post harvest 

periods because of moisture loss, softening, microbial decay, and oxidation. In 

this study, the efficacy of the edible coating formulation of goat milk casein 

mixed with citric acid (CA), microbial transglutaminase (TG) and pomegranate 

peel extract (PPE) to preserve the physicochemical and biochemical 

characteristics of fresh figs in refrigerated storage was investigated. The locally 

grown ‘Raihane' figs were coated with the formulations of CA, TG and/or PPE, 

which were based on goat milk, and then stored for 12 and 24 days under 3 ± 

1 °C, with 90–94% relative humidity. The structural changes and protein cross-

linking caused by TG treatment were investigated by sodium dodecyl sulfate–

polyacrylamide gel electrophoresis. The post harvest quality was evaluated in 

terms of weight loss, decay, ascorbic acid content, antioxidant activity, 

oxidative browning and other physicochemical and biochemical 

characteristics. The physicochemical and nutritional characteristics of the 

coated fruits were retained better and quality deterioration was found to be 

slower than the uncoated control as a result of the reduced oxidative browning. 

The CA-modified casein treatment had significantly lower weight loss (3.24%) 

and decay (6.82%) at day 24 compared to the control (30.29%). The coatings 

also proved to be effective in retaining ascorbic acid and antioxidant activity 

during storage. Coatings with CA and PPE had the best potential to preserve 

fruit quality and antioxidant properties among the treatments. In summary, 

goat milk-based edible coatings, especially when fortified with CA and PPE, 

appear to be environmentally friendly and potentially biodegradable 

postharvest treatments that extend the shelf life of fresh figs, lower postharvest 

losses, and preserve the nutritional and functional properties which contribute 

towards enhanced quality and marketability. 
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Increased deterioration and postharvest losses can also result from machine damage and microbial 

contamination during harvesting, handling, transportation, storage, and marketing [1-4]. Maintaining 

fruit quality, reducing food waste, increasing output, and improving the sustainability and 

effectiveness of the food supply chain all depend on improved postharvest management [5, 6]. 

The goal of contemporary postharvest technology is to develop methods that minimize microbial 

spoilage, delay physiological degradation, and preserve nutritional and sensory attributes. Among 

these methods, edible coatings have attracted considerable attention because they may affect oxidation, 

gas exchange, moisture transfer, and interactions between the fruit and bacteria [7-9]. The fig (Ficus 

carica L.) is a significant fruit crop in the Moraceae family, it is valuable economically, industrially, and 

nutritionally. Figs were first grown in antiquity and are now a popular fruit in the Middle East, 

Mediterranean, and other warm regions. In addition to being consumed fresh and dried, the fruit is 

processed into jams, preserves, pastes, drinks, candies, and other value-added products of interest. Figs 

are economically significant because they can be processed, used, and consumed with their byproducts. 

With almost 1.14 million tons produced worldwide, figs are the most significant fruits. Despite being 

extremely perishable and challenging to handle after harvest, fresh figs are essential for commercial 

and nutritional purposes [10]. They are vulnerable to physical damage, water loss, softening, 

biochemical deterioration, and microbiological decay because of their high moisture content, delicate 

texture, sensitive skin, and advanced physiological maturity at the time of harvest. Therefore, fresh figs 

can only sustain a high level of commercial quality for a limited amount of time after harvest. Fresh figs 

rapidly decay after harvest, which lowers their market value and the distance they can be shipped and 

sold for [11].  

Previous studies have found that the main reasons for the deterioration of fig postharvest quality 

are decay, weight loss, softness, nutritional degradation, and microbial growth [9-11]. Therefore, 

postharvest fig care is crucial. The availability of fresh fruit may be improved, losses may be reduced, 

and opportunities for broader distribution and commercialization may be created by extending the 

fruit's storage and marketing periods [12]. The use of edible coatings is a promising method for 

enhancing the postharvest performance of fresh figs fruits. Edible coatings are thin layers of food-grade 

materials placed on the surfaces of food products to provide beneficial compounds and protective 

barriers [7, 8, 13]. Protein- and polysaccharide-based films are particularly interesting because their 

functional characteristics can be altered by cross-linking and adding active substances [14-16].                  
 It has been demonstrated that the edible coverings on fresh figs reduce weight loss, retain firmness, 

limit microbiological deterioration, and preserve phenolic and antioxidant chemicals [10-12]. Citric acid 

(CA) was used as a chemical modifier because of its various carboxyl groups that can interact and cross-

link in protein and polys accharide matrices. Citric acid has been found to enhance the structural and 

mechanical characteristics of protein-based films, as well as decrease the water absorption and water-

vapor transfer capacity [17-19]. The multiple carboxyl groups of CA have been studied as a natural 

cross-linking agent for protein- and biopolymer-based edible films and coatings because they can 

interact with polymer chains, and under the right conditions, they can lead to the formation of a more 

stable polymer network. The incorporation of CA can also be attributed to the extra beneficial 

properties related to food preservation, such as anti-browning, antibacterial, and antioxidant 

properties. However, the efficiency of CA as a cross-linking or functional agent is highly dependent on 

the type and structure of the protein matrix, concentration of CA, pH, temperature, and processing 

conditions. Hence, the effect of CA modification on goat milk casein coating and its capacity to preserve 

the quality and extend the storage life of fresh figs should be evaluated through experimentation [20-

22].  
Microbial transglutaminase (TG) is another method for altering protein structure. TG induces 

covalent cross-linking of glutamine and lysine residues in proteins, forming an intermolecular protein 

network. This enzymatic cross-linking has been extensively explored in food systems, protein-based 

materials, and other applications, as it has great potential to enhance structural stability, mechanical 

properties, and functional characteristics [23]. Enzymatic cross-linking of protein molecules by 

microbial TG can facilitate covalent bonding between protein molecules, enhancing the structural 

integrity and functional attributes of the protein coating layer [24]. Unlike enzymatic crosslinking by 

TG, CA can chemically interact with protein-based matrices and, under the right conditions, can 
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participate in crosslinking reactions by interacting with protein functional groups. Both modification 

techniques are effective, depending on the protein matrix, modifier concentration, pH, temperature, 

and processing. Thus, it is helpful to compare the coatings of TG- and CA-modified casein to assess 

which modification approach is better for preserving the physicochemical and bioactive properties of 

fresh figs during storage [24, 25].  

Pomegranate peel extract (PPE) is a useful natural addition in the food sector due to its notable a

ntibacterial, antioxidant, preservation qualities, prolongs shelf life, improves sensory quality, an mana

ges postharvest infections in a variety of food applications [26, 27].  

PPE enhances mechanical strength, antioxidant activity, and film functioning when added to edi

ble coatings, especially those composed of biopolymers like chitosan or gelatin, while it may marginal

ly lower barrier qualities [28]. Given its high bioactive content and environmental sustainability, using 

pomegranate peel, a significant agro-industrial by-product, as a natural packaging material is a viable 

active food preservation approach [29].  

PPE contains phenolics, flavonoids, and tannins that are beneficial for antioxidant activity, which 

also allows PPE to be used as a natural preservative in edible packaging [30]. Protein-based films and 

coatings are becoming increasingly prevalent in food packaging because of their exceptional gas barrier 

properties, outstanding film-forming ability, and biodegradability. The customers’ quest for high-

quality and sustainable products is driving this trend [4, 6]. Cross-linking, achieved through covalent 

or non-covalent bonds within or between protein molecules, is essential for enhancing the structural 

and functional characteristics of food systems and packaging materials, including meat products. This 

enhances the coating properties, water resistance, and mechanical durability [4].  

Whey protein, a biopolymer derived from milk, is widely used in edible coatings and films. It has 

outstanding nutritional and functional characteristics and is biodegradable Whey protein contains β-

lactoglobulin, α-lactalbumin, bovine serum albumin, and immunoglobulins that help with film 

formation, emulsification, and gelling. Whey protein films are useful for food preservation because they 

are clear, flexible, and effective barriers against odor and oxygen [31, 32]. Thermal and enzymatic cross-

linking improves the mechanical characteristics and longevity of whey protein films by creating 

intermolecular bonds between the protein molecules. Whey protein films are hydrophilic and have 

weak moisture barrier properties. However, incorporating lipids, polysaccharides, or transglutaminase 

enhances the physicochemical characteristics and barrier properties of the films. Whey protein coatings 

can be enhanced with antioxidants and antibacterial substances to inhibit microbiological growth and 

increase shelf life [6]. 

Researchers have studied the properties of these materials individually in various food and 

packaging systems [33, 34].  However, little information is available on the use of these coatings 

together on fresh figs using goat milk casein. However, the enzymatic protein cross-linking and 

potential interactions between PPE incorporation and the control of weight loss, decay, and some 

physicochemical and bioactive properties during fig storage remain poorly understood. Therefore, the 

current study addresses this gap by comparing casein coating alone and in combination with CA, TG, 

and PPE. 

This study aimed to determine the impact of adding CA, TG, and PPE to goat milk whey protein. 

The modified goat milk proteins were then used to create new coating materials to increase the 

storability of figs, a perishable fruit with a short shelf life. 

 

2. Materials and Methods  

2.1 .Materials     

2.1.1.  Whey Protein 

Goat whey protein powder was obtained from a company (Aplen Power, Austria), and the 

concentration of whey protein was 81%. 

2.1.2.  Plant Material or Description of Fig Cultivar 

The fig fruits of the local cultivar (Raihane) are medium-sized, featuring a thin greenish-yellow 

skin, pleasant flavor, and sweet taste, making them suitable for fresh consumption or drying. 
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2.1.3. Orchard Location and Harvesting Time 

Fig fruits were collected by hand from seven-year-old trees at the ripe stage, early on August 6, 

2024, from a private orchard in Zamaqy village in the Halabja Governorate of Iraqi Kurdistan region. 

Fruits with consistent maturity, color, and size were selected, and were free of phenotypic defects such 

as cuts, bruises, and diseases. The samples were transported to the Halabja Technical College laboratory 

on the same day of collection. 

2.1.4. Treatments and parameters  

CO: Control (Dipping in distilled water)  

W: Whey protein (50 g) 

W+CA: Whey protein (50 g) + Citric acid (1.5%) 

W+TG: Whey protein (50 g) + Transglutaminase (50 unit enzyme/g protein) 

W+PPE: Whey protein (50 g) + Pomegranate peel extract (1%) 

W+CA+PPE: Whey protein (50 g) + Citric acid (1.5%) + Pomegranate peel extract (1%) 

W+PPE+TG: Whey protein (50 g) + Pomegranate peel extract (1%) + Transglutaminase (50 unit 

enzyme/g protein). 

For each replication, 2 kilograms of fruits were used. 

2.1.5. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis  

 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to analyze 

milk proteins using the procedure described by Laemmli [35].  

2.1.6. Protein Cross-Linking Caused by Citric Acid 

To prepare protein solutions, the powders were dissolved in deionized water (5% w/v) and 

agitated for two hours at room temperature. To ensure complete disintegration, the solutions were kept 

at 4°C overnight. The Whey protein solutions were supplemented with citric acid at a final 

concentration of 5%. Protein solutions devoid of citric acid (1.5%) were used as a control. The pH was 

then adjusted to 9.0 using a 2 M sodium hydroxide (NaOH) solution. For six hours, all sample solutions 

were heated to 50°C in water bath. The materials were lyophilized and stored after cross-linking [36]. 

 

2.1.7. Preparation of Pomegranate Peel Extraction 

In December 2023, pomegranates (Salakhani) were harvested from a private plantation in Halabja 

Governorate. To remove any residue, the peels were thoroughly cleaned three times under running tap 

water, disinfected for 30 s in 2% sodium hypochlorite, and then rinsed twice with distilled water. After 

cleaning, the samples were dried for 72 h at 60 °C in an oven until their weights remained consistent. 

The ground-up dried skins were stored in sealed glass jars for further use. The obtained PPE was stored 

in a refrigerator for future use [37].  

 

2.1.8. Coating Solution Preparation 

Whey proteins and modified proteins (50 g) were combined with 920 mL of distilled water. The 

pH was then adjusted to 8 to ensure protein solubility. The pH of the solutions was decreased to 7 once 

the proteins were fully dissolved, and 30 mL of glycerol was added to increase the flexibility. 

Subsequently, the volume of the solution was adjusted to 1 L. The solutions were maintained at 90 °C 

for half an hour in a water bath. Each was degassed for five minutes after the liquids were combined 

[9, 38]. 

 2.1.9. Fruit Coating 

Fig fruit samples were dipped for one minute in the coating solutions according to the treatments 

and placed on a flat surface for drying at room temperature as shown in figure 1A, while uncoated 

fruits were dipped in distilled water for one minute. The fig fruits (2 kg of fig) were stored for 12 and 

24 days at temperatures of 3 ± 1 and relative humidity of 90–95% in plastic containers as shown in figure 
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1B [39]. At 0 day of storage the physiochemical characteristics of fig fruits was measured as shown in 

table 1. 

2.1.10. Fig Juice Preparation  

The uncoated control and each coating treatment of fig fruits were analyzed prior to storage (day 

0) and after each designated storage period. At each sampling time, whole fruits were cut into small 

pieces and homogenized in a blender (Panasonic MJ-W176P, Japan). Homogenized samples were 

filtered through cheesecloth [40]. The filtered juice was immediately used for physicochemical and 

bioactive compound analyses. The same procedure was applied separately to each treatment at each 

sampling time. 

  

 

 
Figure 1: Fig fruit during coating (A) and packaging (B). 

 

Table 1: Phytochemical characteristics of fig fruit prior to preservation (0 day) using a whey protein-based coating. 

Tests 
TSS 

(%) 
TA (%) 

PPO 

(unit/min/ml) 

AO 

(µg/g) 

TFC 

(µg/ g) 

AA 

(mg/100 ml) 

0 day 16.00 0.30 0.078 84.72 24.10 1.14 

 TSS: Total soluble solids, TA: Titratable acidity, PPO: Polyphenol oxidase, AO: Antioxidant, TFC: Total flavonoids, and AA: 

Ascorbic acid. 

 

2.2. Storage Characteristics of Fig Fruit 

2.2.1. Weight Loss (%) 

The fruits were weighed at the beginning and end of the storage periods. The weight loss was 

calculated using the following equation [41]. 

Weight loss (%) =
Fruit weight at the beginning of storage−Weight at the end of storage 

Fruit weight at the beginning
× 100                         (1)  

 

2.2.2. Decay Percentage (%) 

The decay percentage of both coated and untreated fig fruit samples was calculated by dividing 

the number of decaying samples by the initial number of samples [42, 43]. 

2.2.3. Total Soluble Solids  

The TSS of the juice collected from the coated and control fruits was determined using a 

refractometer model (Atago/Japan) [44, 45]. 

2.2.4. Titratable Acidity (%) 

The amount of citric acid was measured using the AOAC method (1990) [46]. 

Titratable Acidity (%) =  
Normality of NaOH×Volume of NaOH× Factor equivalent weight

Volume of juice used 
× 100                  (2)  
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2.2.5. Antioxidant Activity 

Antioxidant capacity (AO) was determined by used 0.1 g of fig juice, the absorbance was measured 

at 517 nm using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) technique, and the results were reported as 

µg Trolox equivalents/g fresh [47, 48]. 

2.2.6. Total Flavonoid Content 

Fig juice (0.1 g) used to quantification of total flavonoid content (TFC). The absorbance at 415 nm 

with aluminum chloride method was used. The findings are reported in µg quercetin equivalents/g [47, 

49, 50]. 

 

 

2.2.7. Polyphenol Oxidase Activity  

The method outlined by Shi et al. [51] was used to measure the enzyme's activity of polyphenol 

oxidase (PPO). The number of enzyme units/minutes/mL was calculated using the following equation:  

PPO activity (

units
minutes

mL
) =

Change in light absorption within 5 minutes x 3     

5 x 0.001
               (3) 

2.2.8. Ascorbic Acid  Content 

The ascorbic acid content was estimated by modified spectrophotometric method. One gram of fig 

juice for the absorbance of the sample solution was determined by UV-Visible spectrophotometer at 

295 nm. Standard curve was drawn using pure ascorbic acid at different concentrations. For 

determination of ascorbic acid content, the absorbance of the sample was compared with the standard 

curve [52, 53]. The ascorbic acid concentration in the sample extract was calculated from the calibration 

equation: 

𝐶 = (0.545 𝑥 𝐴) −  0.024            (4) 

where: 

• C = ascorbic acid concentration (µg/mL)  

• A = absorbance of the sample at 295 nm.  

 

The final ascorbic acid content was calculated using: 

Ascorbic Acid (
mg

100g
) =

C×V×100

W×1000
              (5) 

where: 

• C = concentration obtained from the standard curve (µg/mL)  

• V= final extraction volume (mL)  

• W = sample weight (g)  

• 1000 = conversion factor from µg to mg.  

 

2.3 Statistical Analysis 

Before analyzing the data, the normality test was performed. The factorial design (two factors:  

treatments and storage periods) with three replications was used. SAS version 8.2 was used to analyze 

the data, and Duncan’s multiple range test was used to compare treatment averages at p ≤ 0.05. 

 

3. Results 

3.1. SDS–PAGE of Goat Milk Whey Proteins 

Figure 2 shows the electrophoretic patterns of goat whey proteins. The findings showed that the 

main protein in goat whey is β-lactoglobulin (β-lg). In addition to β-lg, SDS-PAGE revealed that goat 

whey contains additional proteins, some of which have high molecular weights. The electrophoretic 

patterns of goat whey proteins were unaffected by citric acid treatment (W+CA). The original protein 

band intensities on SDS-PAGE, on the other hand, decreased slightly or not at all in treatments 

involving W+PPE or W+CA+PPE treatment. SDS-PAGE revealed the formation of aggregated whey 
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proteins in treatment W+TG+PPE, with a higher degree of crosslinking compared to other whey protein 

treatments, but lower than that observed in casein crosslinking. 

 

 
 

Figure 2: Electrophoretic patterns of goat whey proteins detected by SDS- PAGE. 

Lanes: M: represent the molecular weight standard; W: Whey proteins; W+CA: Whey proteins with citric acid; W+TG: Whey 

proteins with transglutaminase enzyme; W+PPE: Whey proteins with pomegranate peel extract; W+CA+PPE: Whey protein 
with citric acid and pomegranate peel; W+TG+PPE: Whey protein with transglutaminase and pomegranate peel. 

 

3.2. Assessment of Physicochemical Property  

3.2.1. Weight Loss 

Fruits coated with W+CA+PPE treatment at 24 days had the lowest weight loss (2.845%). 

Simultaneously, there was a discernible difference among the different interaction treatments, 

particularly for the uncoated fruits (Table 2). The substantial variations in the effects of the relationship 

between storage duration and treatments are evident in table 2, which demonstrates that the weight 

loss of fig held for 24 d was affected differently by different coverings. For all treatments, the weight 

loss increased with storage time. However, in each regimen, the proportion of weight reduction in the 

coated fruits was lower than that in the control group. Depending on the intricate interactions between 

the coating treatments and storage periods, the efficacy of the coatings changed during the storage 

period. Compared to uncoated fruits, PPE and CA coatings often reduced weight loss and enhanced 

the fruit quality. 

 

 3.2.2. Decay  

Figure 3 and table 2 show the percentage of fig fruit deterioration during storage. During the first 

12 days of storage, there was no discernible deterioration, and the decay percentage remained zero for 

each treatment. However, after 12 days, the incidence of deterioration significantly increased across all 

treatments. By day 24, all coated fruits had significantly lower decay percentages, whereas uncoated 
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fruits had the highest percentage (30.293%). The W+CA treatment produced the lowest decay values 

(6.820%). 

 

CO 

 

W+CA 12  

days 

W+CA 

24 DAYS 

Figure 3: Fig fruits after storage periods. CO: Control ,W+CA: Whey protein with citric acid. 

 

3.2.3. Total Soluble Solid 

         Table 2 demonstrates that total soluble solids (TSS) were significantly affected by the interaction 

between coating treatments and storage time. Fruits coated with W treatment had the lowest TSS 

compared to some of the other treatments and untreated fruit, reaching 14.66% throughout the 24-day 

storage period. The figs coated with W+TG+PPE had the highest significant TSS, reaching 16.33% on 

day 12 of the storage period. Overall, the TSS decreased in each sample during storage.  
 

3.2.4. Titratable Acidity 

 Table 2 results show notable differences in titratable acidity (TA) under different treatments 

and storage durations. However, fruits coated with W+TG+PPE and refrigerated for 24 days had 

the highest percentage of TA (0.759%). However, fruits coated with W treatment alone at 24 days 

had the lowest TA value (0.134%). 
 

Table 2: Effects of a casein protein-based covering on the physicochemical composition of fig fruits during storage. 

Treatments Storage periods (Days) Weight loss (%) Decay (%) TSS (%) TA (%) 

CO 
12 3.50 bc 0.00 15.53 ab 0.40 bcd 

24 3.96 bc 30.29 a 15.23 abcd 0.49cde 

W 

 

12 3.12def 0.00 15.33 bc 0.13h 

24 6.34b 16.59d 14.66 c 0.53bc 

W+CA 
12 3.17def 0.00 15.46 b 0.31efg 

24 3.24def 6.82 e 15.10bc 0.58b 

W+TG 
12 3.41def 0.00 15.33bc 0.22fgh 

24 5.53b 22.46c 15.06bc 0.44bcde 

W+PPE 
12 3.25def 0.00 15.73ab 0.35def 

24 2.98ef 15.43d 15.06 bc 0.31efg 

W+CA+PPE 
12 12.99a 0.00 15.33ab 0.22fgh 

24 2.84f 22.48 c 15.66 ab 0.53bc 

W+TG+PPE 
12 4.08cd 0.00 16.33a 0.17gh 

24 4.56c 27.72b 15.06bc 0.75a 

CO: Control treatment; W: Whey proteins; W+CA: Whey proteins with citric acid; W+TG: Whey proteins with transglutaminase 

enzyme; W+PPE: Whey proteins with pomegranate peel extract; W+CA+PPE: Whey protein with citric acid and pomegranate 

peel; W+TG+PPE: Whey protein with transglutaminase and pomegranate peel; 12 D: 12 days of storage; 24 D: 24 days of storage. 
When utilizing Duncan’s multiple range test, different letters denote significant differences at the p ≤ 0.05 level. 

 

3.3. Evaluation of Bioactive Compound Properties  

3.3.1. Ascorbic Acid Content 

Figure 4 illustrates the impact of treatment combinations and storage duration on the ascorbic acid 

content of fig. When compared to all other treatments, the fruit coated with W+CA had the highest 
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significant value (1.368 mg/100 g) on the twelfth day of storage. Following a 24-day storage period, all 

coated treatments displayed the reduction the ascorbic acid content.  

 

 
Figure 4: Impact of treatment interactions and storage times on ascorbic acid concentration in fig fruits. CO: Control treatment; 

W: Whey proteins; W+CA: Whey proteins with citric acid; W+TG: Whey proteins with transglutaminase enzyme; W+PPE: Whey 

proteins with pomegranate peel extract; W+CA+PPE: Whey protein with citric acid and pomegranate peel; W+TG+PPE: Whey 

protein with transglutaminase and pomegranate peel; 12 D: 12 days of storage; 24 D: 24 days of storage. 

 

3.3.2. Polyphenol Oxidase Activity 

Figure 5 indicates significant differences between the storage period and treatment in polyphenol 

oxidase activity (PPO). The uncoated fruit showed the lowest PPO (50.20 unit/min/mL) after 12 days of 

storage. Uncoated fruits showed the highest PPO activity (128.60 unit/min/mL) after 24 d of storage. 

Fruits coated with W+TG and W+CA+PPE exhibited the lowest PPO activity (44.60 and 46.20 

units/min/mL, respectively).  

 

 
Figure 5: Impact of treatment interactions and storage times on polyphenol oxidase in fig fruits. Using Duncan's Multiple 

Range Test, distinct letters indicate significant differences at p ≤ 0.05. 

 

 

3.3.3. Antioxidant Activity 

Figure 6 shows the interaction between treatment and storage duration on the antioxidant activity 

(AO) during storage periods. In most treatments, the AO progressively declined over time. However, 

the AO was significantly affected by the coating treatments. The W+CA treatment, maintained for 24 
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days, had the highest AO level (70.243 µg/g), while the W+TG+PPE treatment had the lowest (21.662 

µg/g).   

 
Figure 6: Impact of treatment interactions and storage times on antioxidant content in fig fruit. Using Duncan's Multiple Range 

Test, distinct letters indicate significant differences at p ≤ 0.05. 

 

3.3.4. Total Flavonoids Content 

Figure 7 shows the substantial differences in TFC between the treatments and storage duration. 

Fruits coated with W+CA+PPE and kept for 12 days showed the lowest activity, reaching (15.535 µg/g), 

while fruits coated with W material had the highest TFC (30.122 µg/g). All covered fruits had 

significantly higher TFC than the control after 24 d of storage. 

  

 
Figure 7: Impact of treatment interactions and storage times on the total flavonoid content in figs. Using Duncan's Multiple 

Range Test, distinct letters indicate significant differences at p ≤ 0.05. 

 

4.  Discussion     

SDS–PAGE of goat milk whey proteins showed different pattern under different treatment 

conditions. These results are consistent with those reported by Al- Saadi et al. [54], who was discovered 

that the main protein in goat whey is β-lg. The electrophoretic patterns of goat whey proteins were 

unaffected by citric acid treatment in this study. Although TG produced crosslinked whey proteins, the 

degree of crosslinking was lower than that of casein crosslinking. This could be because the enzyme 

cannot access the glutamyl and lysine residues in whey proteins due to their compact structure, which 

decreases cross-linking [55].  
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The ability of the edible coating to function as a semi-permeable barrier that restricts gas exchange 

and moisture evaporation explains the reduced weight loss observed in the coated figs. These include 

ripening, respiration, transmission, water loss, and ethylene production [56, 57]. The capacity of the 

edible coating to stop rotting and weight loss, reduce respiration, postpone hardness degradation, and 

slow down ethylene production and ripening may increase the fruit’s shelf life [58, 59].  

Protein-based coatings, especially whey protein coatings, offer superior film-forming and 

moisture-barrier properties because they can form stable cross-linked networks [60]. Additionally, 

pomegranate peel extract enhances coating quality by decreasing water vapor transmission and 

boosting the interaction of polyphenols with the coating matrix, resulting in antioxidant activity [61]. 

Research on pears, strawberries, apples, grapes, pomegranates, and figs has repeatedly demonstrated 

that during storage, coated fruits retain their quality better and lose less weight than uncoated fruits 

[10]. These results demonstrate the efficiency of adding whey protein to coatings that contain CA and 

PPE in preventing moisture loss during storage. Fig fruits are typically highly susceptible to many 

physiological and pathological conditions during their post-harvest life, such as skin cracking and 

softening [62]. These structural alterations accelerate degradation and facilitate microbial invasion.  

Previous studies have shown that organic acid treatments, particularly citric acid treatment, are 

beneficial for reducing degradation and preserving the firmness and postharvest quality of peaches 

[63]. Edible coatings delay deterioration in several ways. In particular, they create a semi-permeable 

layer that prevents respiration, slows ripening, and regulates gas exchange on the fruit surface. These 

coatings also limit microbial exposure, further reducing the deterioration. Similar results have been 

extensively reported for strawberries, where coated fruits frequently show less fungal growth and 

deterioration than uncoated fruits, which is consistent with these observations [64, 65]. Carboxymethyl 

cellulose, chitosan, plant extracts, tragacanth gum, CA, and ascorbic acid coatings-maintained fruit 

quality and reduced microbial growth and degradation [66, 67]. Similar outcomes were observed in 

tomatoes, where the coated skin decreased oxygen availability and delayed metabolic activity, delaying 

ripening and minimizing spoilage. 

Edible coatings can enhance fruit quality, lower postharvest losses, and increase shelf life [68]. The 

current findings support the effectiveness of edible coating treatments, particularly those containing 

CA, in preventing deterioration, preserving fruit quality, and prolonging the shelf life of figs. The most 

crucial component in determining the nutritional value of a fruit is its TSS content. Fruit sweetness is 

measured by TSS, which increases throughout ripening when starch is converted to simple sugars by 

respiration and other catabolic processes [69]. When assessing consumer approval, TSS should be 

considered as an essential factor [70]. Additionally, adding polysaccharides to support plant-based 

bioactive chemicals can increase the shelf life of fresh fruits during postharvest storage [71]. Further, 

fruit TSS maintenance was comparable to other coating types. These have been previously reported, 

including covering guava fruit with alginate and black cumin extract [72].  

Polysaccharides are hydrolyzed during storage, increasing the overall soluble solid concentration 

[73, 74]. Because aloe vera possesses a semi-permeable gas exchange property that slows the respiration 

rate, which may be advantageous for TSS, when TSS rose during cold storage, it was recommended to 

use it. The increase in TSS levels during storage may be due to the concentration of juice caused by 

degradation, polysaccharide hydrolysis, and moisture loss [75]. However, the fruit's metabolic 

processes, such as respiration, cause the TSS level to drop during the storage period [76]. Comparable 

observations have been reported by Abdalla et al. [9]. The variations across treatments could be linked 

to their varying capacities to regulate respiration, water loss, and carbohydrate metabolism during 

storage, which can be determined by TA [77].  

TA is a common method for determining the total concentration of organic acids in fruit. As 

organic acids are used as substrates in respiration and other metabolic activities, fruit acidity typically 

peaks at harvest and progressively declines during ripening and storage [78, 79]. Overall, TA increased 

steadily over the storage period across all treatments. When storage variables, including temperature, 

relative humidity, light, storage time, and berry physiological parameters, are considered, the acid 

content of the berries decreases [80]. This decrease is consistent with the physiological behavior of 

climacteric and non-climacteric fruits, in which organic acids are either transformed into sugars during 

ripening or broken down as respiratory substrates and senescence [81]. Increased respiration during 
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storage lowers acidity by accelerating the breakdown of organic acids and carbohydrates [82]. Thus, 

increased metabolic activity linked to fruit growth may cause the observed decrease in TA levels. 

However, it has been suggested that the reduced disappearance of organic acids in coated apple fruits 

after storage may have been caused by the decreased metabolic activity caused by the semi-

permeability of edible coatings, which restricts oxygen transfer and delays respiration [83].  

The acidity readings of 0.75 to 0.44% indicate that the TA of strawberry samples decreased 

following storage, balangu gum, and whey protein 1:1 [84]. Furthermore, there is a discernible increase 

in the fermentative metabolic processes associated with ripening and breakdown of organic acids [85]. 

The lower acidity readings in the coated samples indicated a decrease in the transpiration rate because 

fewer organic acids were available to produce the acidity of the fruit [86]. Therefore, the ability of the 

coatings to lower respiration and postpone the metabolic breakdown of organic acids may be 

responsible for the greater TA values found in the coated fruits in this study. These results suggest that 

fruit chemical quality can be successfully maintained by coating treatments, which also help increase 

the postharvest shelf life. 
Ascorbic acid deteriorates rapidly during storage due to oxidation, making it a particularly 

sensitive component of nutritional quality [80, 87]. Overall, ascorbic acid levels progressively decreased 

during storage in both covered and untreated fruits. This pattern is consistent with previous research 

that demonstrated that as storage time increased, ascorbic acid levels dramatically dropped in all 

treatments. In a similar vein [88] discovered that the vitamin C content dramatically decreased over 

time. Ascorbic acid is reduced during storage owing to oxidation [89]. Additionally, ascorbic acid levels 

in both the protected and untreated apples gradually decreased after storage.  

The study found that TC3 (Tomato Coating 3) was the best coating combination as it had the least 

reduction in ascorbic acid concentration (mg/100 g). The TC3 sample had 12.92 mg/100 g at the end of 

storage, while the control sample had approximately 8.32 mg/100 g. Autoxidation, which occurs when 

ascorbic acid comes into direct contact with oxygen during fruit respiration, causes the drop in ascorbic 

acid levels during ripening [90, 91]. During storage, the ascorbic acid levels in the coated and control 

berries gradually decreased, and comparable results have been document [92]. The ascorbic acid 

concentrations of the coated and control strawberries decreased by 32.16% and 25.16%, respectively, 

after five and eight days of storage at 5 ± 1 °C; however, after three and five days at 20 ± 1 °C, it increased 

by 26.11% and 32.80%, respectively [80]. Ascorbic acid is a water-soluble vitamin; therefore, moisture 

loss during storage may potentially be a factor in the decrease in ascorbic acid levels, in addition to 

oxidative damage. When stored for a long time, ascorbic acid may evaporate with moisture [93]. 

Furthermore, there is a substantial correlation between drop and the berries' physiological state, storage 

temperature, and relative humidity [94]. Interestingly, some studies have revealed that ascorbic acid 

levels increase momentarily during ripening before declining [95]. The general declining trend in the 

current study demonstrates that edible coatings are useful for maintaining the nutritional value of fresh 

figs and prolonging their postharvest shelf life. 

The gradual increase in PPO activity in uncoated fruits during prolonged storage aligns with 

senescence–induced cellular degradation. As tissue integrity diminishes, the separation between PPO 

enzymes and phenolic substrates is disrupted, allowing oxygen to interact freely with both 

components. Consequently, oxidative browning reactions become more pronounced. Comparable 

trends have been observed in various postharvest studies, where uncoated fruits consistently showed 

increased PPO activity during extended storage [95]. Moreover, previous research has demonstrated 

that coating treatments effectively suppress PPO activity. For example, coatings containing chitosan 

and either citric acid or ascorbic acid significantly decreased PPO activity in plums stored at 5 °C and 

cherimoya stored at 15 °C [95, 96]. Since the coated fruits showed lower enzymatic activity than the 

uncoated controls, these outcomes are consistent with recent research. Uncoated fruits stored for 12 

days had the lowest PPO activity (50.20 unit/min/ml), suggesting that storage duration alone affects 

enzyme activity, even without a coating. A reduced storage duration minimizes cell breakdown and 

oxygen exposure, which decreases the likelihood of enzyme oxidation of phenolic compounds, as noted 

in several fruits, indicating that PPO activity increases with longer storage times [97].  

Fruits treated with combinations of coatings containing bioactive additives like TG, CA, and PPE 

had significantly lower PPO activity in the range of 44.60 to 46.20 units at 24 d compared to the uncoated 
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control, according to an important finding from the study. According to other studies that have 

demonstrated or reported that "edible coatings can slow down enzymatic reactions by creating a 

physical barrier to limit O2 availability in the tissues and lowering the enzyme's substrate for activity, 

this finding indicates that coatings' ability to reduce enzymatic activity may lead to a drop-in activity 

[98]. Additionally, as stated previously, its extract is also abundant in phenolic compounds that have 

been shown to directly block PPOs through strong binding affinity and therefore serve as an enzymatic 

inhibitor to significantly slow down browning during storage [99]. Compared with both coated and 

uncoated fruit, these mechanisms explain why coatings, including TG, CA, and PPE additives, showed 

noticeably lower PPO activity after 24 d of storage [100]. Several synergistic processes may be 

responsible for the reduced PPO activity observed in fruits treated with W+TG and W+CA+PPE 

formulations. Initially, edible coatings restrict oxygen transport into fruit tissues by creating a semi-

permeable barrier, thereby limiting the availability of O₂ needed for enzymatic oxidation [98]. 

The composition of the coating is essential for preserving the antioxidant levels throughout the 

extended storage period. Fruit cells are usually shielded against oxidative stress caused by an 

imbalance in the production of antioxidant enzymes and the removal of reactive oxygen species. During 

the postharvest phase, elevated intracellular levels of reactive oxygen species can damage 

biomolecules, particularly cell membranes [101]. This reduction aligns with earlier research indicating 

a decrease in antioxidant activity over time, edible coatings, and their effects on attributes connected to 

oxidative activity. The reduction in antioxidant capacity during prolonged storage may result from the 

oxidation of physiologically active molecules and a sequence of reactions that lead to physiological and 

biochemical alterations during storage [102]. Similar results were observed when coatings were applied 

to fruits such as grapes and mangoes. Because of the coating effect, these fruits retained antioxidant-

related substances such as flavonoids and phenols for a longer period than uncoated fruits [103].  

Coating treatments significantly affected the level of antioxidant preservation. The notably 

increased antioxidant activity observed in W+CA-treated fruits after 24 days suggests a greater capacity 

to maintain antioxidant levels when utilizing this material. Citric acid is widely believed to have 

chelating properties, along with its ability to reduce pH levels. This decrease in the rate of phenolic 

degradation-causing oxidative events and enzyme activity points to a higher retention of antioxidant 

chemicals in the final product [104]. By reducing the pH and limiting catalytic oxidation, CA-containing 

coatings likely slow the degradation of antioxidant molecules, resulting in improved retention. On the 

other hand, the lower antioxidant activity observed in W+TG+PPE at 24 days may reflect progressive 

senescence and the eventual depletion of antioxidant compounds despite initial protective effects. In 

opposition, the lower antioxidant activity observed in W+TG+PPE at 24 days may reflect progressive 

senescence and the eventual depletion of antioxidant compounds despite initial protective effects.  

Additives high in phenols, such as pomegranate peel extract, are recognized for their potent 

antioxidant capabilities [105]. Their protective efficacy may diminish during prolonged storage because 

of ongoing oxidative reactions and metabolic consumption. Overall, the results demonstrated that the 

antioxidant activity declined with storage duration; however, the extent of this decline was strongly 

dependent on the coating formulation. Coatings incorporating CA showed a superior ability to 

preserve antioxidant capacity during extended storage, likely due to the combined effects of pH 

reduction, chelation, and inhibition of oxidative enzymes. These findings support recent research 

highlighting the benefits of functional edible coatings in enhancing oxidative stability and extending 

the shelf life of fresh fruit after harvest. 

Flavonoids possess potent antioxidant properties and prolong the shelf life of fruits after harvest 

[106, 107]. This somewhat reduced the respiratory rate and the oxidative degradation of the chemicals, 

allowing flavonoid compounds to remain for an extended period during the initial phase [108] . 

However, citric acid and PPE may have altered the stability of flavonoid activity pathways, which could 

account for the decreased flavonoid activity in the samples, including W, CA + PPE, and W+PPE. This 

phenomenon might stem from the idea that while phenolic compounds could serve as an external 

antioxidant source in food, the mixture of whey protein and citric acid may have changed the coating 

characteristics of the sample, preventing it from effectively preserving the flavonoids in their 'normal' 

active forms. This suggests that the combination might have accelerated certain chemical changes that 
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potentially modified the flavonoid activity. Variations in flavonoid activity have been observed in 

different coating combinations [109].  

In general, these studies emphasize that both the type of coating and the storage period are 

important parameters affecting the maintenance or loss of flavonoids from fruit pieces after harvest. 

Indeed, coating treatments that control gas exchange and delay oxidative stress tend to show higher 

flavonoid activity, while other coating approaches that affect fruit physiological processes more 

dramatically can also cause a greater loss of flavonoids under similar storage regimes [110]. These 

results reinforce the broader principle observed in postharvest research: coatings that moderate gas 

exchange, limit oxidative stress, and maintain controlled respiration rates tend to preserve flavonoid 

content more effectively than others. In contrast, coatings that alter physiological or chemical conditions 

more dramatically may inadvertently accelerate flavonoid degradation, particularly during the early 

storage period.  

Similar results have been shown for citrus and other horticultural goods, where the protective 

barrier effect of edible coatings allowed coated fruits to preserve higher amounts of flavonoids than 

uncoated controls [110]. Similar results were reported in a study: after 25 days of storage, the control 

fruit samples exhibited the lowest total flavonoid concentration (31.49 mg QE/g DW) of Jara Lebu fruit 

extract [111].  

5.    Conclusions 

The current study demonstrated the successful application of a modified goat whey protein 

coating. to preserve the postharvest quality of fresh figs and increase their shelf life. CA, TG, and PPE 

were added to improve the functional qualities of the coating and reduce quality deterioration during 

storage. While W+CA improved decay control and preserved antioxidant activity, W+CA+PPE resulted 

in the greatest reduction in weight loss. The shelf life of fresh figs was extended to 24 days by the 

enhanced coatings. These findings indicate that modified goat whey protein coatings, particularly those 

containing CA and PPE, are a viable method for reducing postharvest losses and maintaining fig quality 

during refrigeration. To achieve a good balance between coating performance, fruit quality, sensory 

acceptability, and cost-effectiveness, the proportions of W, TG, CA, and PPE should be modified for 

practical use. To ascertain the scalability, homogeneity, and economic feasibility of the coating process, 

it should be evaluated under commercial handling, storage, and transportation conditions. Future 

research should examine the interactions between TG, CA, and PPE in whey protein matrices and their 

effects on coating structures and barrier qualities. The utilization of additional natural plant-derived 

extracts or bioactive substances to enhance the protective and antioxidant qualities of coatings should 

be investigated. Additional examination of the microbiological quality, respiration rate, ethylene 

generation, texture, color, sensory characteristics, and other biochemical quality variables should be 

achieved. 
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  Weight   loss    ( % ) =   Fruit   weight   at   the   beginning   of   storage − Weight   at   the   end   of   storage    Fruit   weight   at   the   beginning × 100                                                    ( 1 )


  Titratable   Acidity    ( % ) =     Normality   of   NaOH × Volume   of   NaOH ×   Factor   equivalent   weight  Volume   of   juice   used   × 100                                     ( 2 )


 


  C = ( 0 . 545   x   A ) −   0 . 024


  Ascorbic   Acid   (  mg  100 g ) =   C × V × 100  W × 1000

