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ABSTRACT: Food breakdown during storage and transit greatly adds to worldwide food waste. Biodegradable edible
coatings derived from natural sources provide a sustainable method to extend the shelflife and preserve the freshness of
fresh fruit. This study explores the potential of the readily available and nutrient-rich seaweed, Caulerpa lentillifera, as
a base material for edible coatings that can enhance the shelf life and maintain the physicochemical properties of fruits
and vegetables. Caulerpa lentillifera, a marine macroalga renowned for its unique biochemical composition, presents
a promising avenue for developing sustainable bio-coatings to improve the post-harvest quality of fresh produce.
Biodegradable edible coatings derived from natural sources provide a sustainable method to extend the shelf life and
preserve the freshness of fresh fruit. This study is aimed at exploring the potential of Caulerpa lentillifera, a nutrient-
dense green seaweed, as a foundational material for creating edible coatings to enhance the post-harvest quality of
fruits and vegetables. Various Caulerpa lentillifera-derived coating formulations were developed and applied to specific
fruits and vegetables. The coated samples were maintained under controlled conditions and assessed for alterations
in physicochemical parameters, including weight loss, hardness, colour, and microbial proliferation. The optimised
coating formulation markedly diminished weight loss, postponed ripening, and maintained firmness and colour relative
to uncoated controls. The coating demonstrated promising antibacterial properties, aiding in the extension of shelf
life. Coatings derived from Caulerpa lentillifera ofter a viable, environmentally sustainable alternative to synthetic
preservatives, facilitating the advancement of sustainable food preservation technology.
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1 Introduction

Fresh fruits and vegetables are extremely perishable goods, and their swift decline after harvest greatly
contributes to worldwide food waste. Researchers have increasingly concentrated on formulating effective
preservation technologies to prolong the shelf life of fresh produce, so ensuring food security, minimising
waste, and preserving nutritional content [1]. Conventional preservation methods, such as refrigeration,
modified atmosphere packaging, and the use of synthetic chemical treatments, have limitations in terms of
cost, environmental impact, and potential health concerns [2]. Consequently, there is an increasing interest
in natural, biodegradable, and eco-friendly alternatives, such as edible coatings, that conform to sustainable
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food packaging guidelines [3]. One technique involves the use of edible coatings, which are thin, consumable
layers placed directly to the surfaces of fruits and vegetables. These coatings serve as semi-permeable barriers
that control moisture loss, gas exchange, and microbial contamination, thus delaying spoilage and preserving
product quality [4]. Polysaccharide-based coatings have demonstrated their effectiveness in maintaining
the freshness of produce, thereby prolonging their shelf life [5]. Common polysaccharide-based materials
encompass alginate, carrageenan, chitosan, and starch, recognised for their efficacy in forming protective
barriers and functioning as carriers for antibacterial and antioxidant compounds [6]. In recent years,
polysaccharides produced from seaweed have emerged as viable materials for edible coatings. Their inherent
abundance, biodegradability, and functional attributes render them ideal candidates for the development
of sustainable coatings. Furthermore, the increasing awareness of plastic pollution and the necessity for
better food preservation methods bolster the transition to edible coatings as feasible, environmentally
sustainable substitutes for traditional plastic packaging [7,8]. Edible coatings represent an environmentally
conscious food packaging alternative that can supplant conventional plastic packaging, thereby augmenting
the product’s shelf life [9].

Among the diverse natural polymers explored for edible coatings, seaweed has garnered substantial
attention due to its abundance, biodegradability, and unique biochemical profile [10]. Polysaccharides pro-
duced from seaweed, including alginate, carrageenan, and ulvan, have been extensively researched for their
film-forming properties and efficacy as barriers against spoiling agents. Caulerpa lentillifera, usually referred
to as sea grapes or green caviar, is distinguished among marine macroalgae for its nutritional composition
and distinctive texture, positioning it as a viable option for the formulation of bio-based edible coatings.
This seaweed is rich in polysaccharides, proteins, vitamins, and minerals, making it a potentially valuable
source of bioactive compounds for food preservation applications. The inherent attributes of polysaccharide
components, including non-toxicity, antioxidant and antimicrobial characteristics, and nutritional value,
render them excellent candidates for edible films [10]. This study seeks to thoroughly assess the potential of
Caulerpa lentillifera-based coatings for prolonging shelf life and preserving the physicochemical quality of
fruits and vegetables, despite its application in food preservation being in its early phase.

The findings of this research are expected to provide valuable insights into the feasibility and efficacy of
utilizing Caulerpa lentillifera as a sustainable coating material for preserving fresh produce. This contribution
aims to advance the development of novel, environmentally-friendly food preservation technologies and
promote the utilization of marine resources to enhance food security and sustainability. The application of
Caulerpa lentillifera-based coatings aligns with the broader movement towards replacing plastic packaging
with biodegradable alternatives, addressing the pressing environmental concerns associated with plastic
waste [11]. The central objective of this study is to comprehensively assess the impact of Caulerpa lentil-
lifera coatings on the physicochemical attributes and shelf life of fruits and vegetables, with the goal of
establishing a scientific foundation for the application of this seaweed species in sustainable post-harvest
preservation practices.

2 Materials and Methods
2.1 Material Preparation

The study obtained Caulerpa lentillifera was recovered from the Borneo Marine Research Institute at the
University of Malaysia Sabah [12]. The harvested seaweed underwent a meticulous cleaning regimen using
distilled water to remove epiphytes, sediments, and other extraneous materials, adhering to stringent quality
control protocols. Subsequently, the cleaned seaweed was dried in a controlled environment at 45°C until a
constant weight was achieved. The dried biomass was then pulverized using an industrial grinder, resulting
in a fine powder with a particle size less than 500 um to enhance its solubility and dispersion properties in
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coating formulations. The seaweed powder was stored in airtight containers at —20°C to prevent degradation
of bioactive compounds until further use [13].

For the analysis, the study utilized locally sourced fruits and vegetables, including tomatoes, red chili
peppers, eggplants, and carrots, procured from nearby supermarkets. These samples were chosen due to
their wide availability, economic importance, and sensitivity to postharvest deterioration, which would allow
for a thorough assessment of the coating’s efficacy. Before coating, the fruits and vegetables were carefully
sorted to ensure uniformity in size, shape, and maturity, and any samples with visible defects or injuries were
excluded. The selected samples were then washed with distilled water and surface-sterilized with a 100 ppm
sodium hypochlorite solution for 2 min, followed by rinsing with distilled water to remove any residual
disinfectant [14].

2.2 Extraction and Characterization of Coating Material

The coating material developed from dried Caulerpa lentillifera powder by a hot water extraction
technique designed to isolate polysaccharides and other hydrosoluble bioactive constituents. The desiccated
seaweed biomass was initially pulverised into a fine powder (<500 um) to enhance solubility and dispersion.
The seaweed powder was maintained at —20°C in sealed containers to retain its bioactivity. The seaweed
powder was combined with distilled water in a 1:20 (w/v) ratio and mechanically agitated at 60°C for 4 h
for extraction. This technique enabled the dissolving of polysaccharides and other hydrophilic substances.
The resultant slurry was subjected to vacuum filtering employing Whatman No. 1 filter paper to eliminate
insoluble residues. For coating preparation, a portion of the dried seaweed extract was reconstituted in
distilled water at 1% and 2% (w/v) concentrations. In the formulation containing lemon essential oil (LEO),
1% (v/v) food-grade lemon essential oil (provided by Sigma-Aldrich, USA) was used. According to supplier
specifications and literature, the LEO consisted primarily of limonene (\~70%), B-pinene (\~10%), and y-
terpinene (\~8%). The mixture was homogenized using an ultrasonic bath at 50°C for 30 min to ensure
uniform dispersion. The final solution was cooled to room temperature, centrifuged at 7500 rpm for 20 min at
4°C, and filtered. The resulting seaweed-based extract and SE + LEO coating solutions were used for further
application [15-17].

2.3 Preparation of Coating Formulation

Two coating formulations were created utilising seaweed extract at concentrations of 1% and 2% (w/v),
respectively. Lemon essential oil (LEO) was incorporated into each formulation at 1% (v/v), yielding a ratio of
99:1 (seaweed extract: LEO). The formulations were thoroughly mixed to achieve homogeneity. The assessed
treatment groups comprised: (1) Control (uncoated sample), (2) 1% seaweed extract alone, (3) 2% seaweed
extract alone, (4) 1% seaweed extract combined with 1% LEO, and (5) 2% seaweed extract combined with
1% LEO. Each coating solution was freshly prepared prior to application to preserve the stability of the
bioactive compounds.

2.4 Evaluation of Seaweed Coating Formulation

The seaweed-based coating solutions were subjected to a series of characterization analyses to assess
their physicochemical properties and functional attributes. These evaluations included the determination
of pH, quantification of total phenolic compounds and flavonoids, as well as the assessment of antioxidant
capacity.

2.4.1 Assessment of pH in the Coating Formulation

The pH of the coating solutions was measured using a calibrated digital pH meter at ambient tempera-
ture. Approximately 10 mL of each coating solution was placed in a beaker, and the pH meter electrodes were
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immersed to obtain the pH reading. The pH value for each coating solution was determined in triplicate, and
the final pH was calculated as the arithmetic mean of the three measurements. The pH meter was calibrated
with standard bufter solutions of pH 4.0, 7.0, and 10.0 before the measurements were taken [18].

2.4.2 Quantification of Total Phenolic Compounds

The total phenolic content of the coating solution was quantified using the Folin-Ciocalteu colorimetric
method [19]. Briefly, 1.0 mL of the sample was combined with 2.25 mL of diluted Folin-Ciocalteu reagent
and allowed to react at ambient temperature for 5 min. Afterwards, 2.25 mL of 7% sodium carbonate solution
was added to the mixture, which was incubated at room temperature for 30 min in the dark. A UV-Vis
spectrophotometer was employed to measure absorbance at 765 nm. The TPC was calculated using a gallic
acid calibration curve and expressed as milligrammes of gallic acid equivalents (mg GAE) per gram of
sample [19].

2.4.3 Quantification of Flavonoid Levels

An aluminium chloride colorimetric method was employed to evaluate the total flavonoid content
(TFC). A 0.5 mL aliquot of the sample was combined with 2 mL of distilled water and 0.15 mL of 5% sodium
nitrite. 0.15 mL of 10% aluminium chloride solution was added after 6 min. 1 mL of 1 M sodium hydroxide
was added after an additional 5 min, and the volume was subsequently adjusted to 5 mL with distilled water.
The absorbance was measured at 510 nm after the solution was thoroughly mixed. The results were expressed
as milligrammes of rutin equivalents (mg RE) per gramme of sample, and a rutin calibration curve was
established [20].

2.4.4 Evaluation of Antioxidant Capacity

The antioxidant capacity of the seaweed coating solutions was evaluated using the DPPH radical
scavenging assay. A volume of 0.1 mL of the coating solution was reacted with 3.9 mL of a 0.1 mM
DPPH solution in methanol. The reaction mixture was incubated in the dark at room temperature for
30 min. The absorbance was measured at 517 nm using a spectrophotometer. Butylated Hydroxyanisole and
Ethylenediaminetetraacetic acid served as positive controls, while the extracts exhibited DPPH values in
the range of 53.96% to 64.96%, consistently lower than the positive control [21]. The seaweed-based coating
solutions were further characterized by evaluating their total phenolic content using the Folin-Ciocalteu
method [22]. Additionally, the antioxidant activities were assessed using various methods, including the
DPPH assay [23,24]. The antioxidant activity was then quantified by measuring the absorbance at 517 nm
using a UV-visible spectrophotometer, and the results were calculated according to the equation reported in
the literature [25].

Antioxidant activity (%) = [(AO0 — As) /A0] x 100

where, A0 is the absorbance of the control and As is the absorbance of the sample.

2.5 Analysis of The Effect of Coating Solution on Food Samples

The effectiveness of seaweed-based coating solutions on selected fruits and vegetables, namely tomatoes,
red chilies, eggplants, and carrots, was assessed by applying different treatments: uncoated (control), coated
with 1% seaweed extract (SE), 2% SE, and 1% SE combined with 1% lemon essential oil (SE + LEO). All
produce was selected for uniformity in size and ripeness and washed thoroughly with distilled water before
coating. The coating was applied via the dipping method, where each sample was immersed in the respective
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solution for 2 min, then drained for 1 min on stainless-steel mesh trays and air-dried at room temperature
(25 £ 2°C) for 30 min to allow film formation. Coating solutions were prepared fresh for each application,
and the process was carried out using sterile glass beakers. Following coating, the samples were stored on
perforated trays in a controlled chamber at 10 + 1°C and 85%-90% relative humidity for 12 days. Samples were
monitored at 3-day intervals for physicochemical changes to evaluate the coating’s effectiveness in preserving
produce quality.

2.5.1 Physical Appearance

Thel changes of physical appearance in term of its firmness, size and surface of the uncoated and coated
fruits and vegetables were visually inspected during day Oth, day 6th and day 12th for each of treatment
groups. Also, the images of the changes in physical appearance of the food sample have been recorded to
observe the changes in terms of colour, attractiveness and fresh appearance to indicate maturing and decaying
process of the food sample in 12 days of storage period.

2.5.2 Weight Loss

The weight loss of the coated and uncoated fruits and vegetables was quantified by measuring their
initial weight on day 0, followed by subsequent measurements on days 6 and 12 of the storage period [26].
The weight loss was then calculated as a percentage of the initial weight using the following equation:

Weight Loss (%) = [(Initial weight — Final weight) [Initial weight] x 100

2.5.3 Total Soluble Solids

The total soluble solids content of the samples was quantified using a digital refractometer. The TSS of
both the coated and uncoated fruits and vegetables were measured using the digital refractometer. Individual
samples from each treatment group were crushed or ground to extract the freshly prepared juice, which
was then directly applied to the clean prism of the refractometer. The TSS measurements were recorded and
expressed in Brix [27].

2.5.4 Moisture Content

The moisture content of the coated and uncoated fruits and vegetables was determined by measuring
the weight changes between the fresh and dried samples using an oven drying process [28]. The food samples
were cut into small, uniform pieces. Approximately 5 g of each sample from the treatment groups were
weighed using an analytical balance. An empty, cleaned, and dried stainless steel moisture dish was weighed,
and the weight was recorded. The 5-gram sample was then placed in the dish, and the combined weight was
noted. The samples in the dishes were dried in a universal oven at 105°C for 24 h or until a constant weight
was achieved. After drying, the dishes were cooled in a desiccator to room temperature and reweighed as
W3. The moisture content was calculated using the established formula [28]:

Moisture Content (%) = (W2-W3)/(W2-W1) x100 (1)
TSS (%) = Refractive Index Reading x Dilution Factor x 100 (2)

2.5.5 Ascorbic Acid Content

The ascorbic acid content in the uncoated and coated fruit and vegetable samples was determined
calorimetrically using 2,6-dichloroindophenol dye solutions. The juice was extracted from the coated and
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uncoated samples by cutting them into smaller pieces, pressing them, and filtering the juice through
cheesecloth or filter paper. The analysis involved three reagents: a 2,6-dichloroindophenol dye solution
prepared by dissolving 0.5 g of the sodium salt in 975 mL of distilled water, followed by the addition of
25 mL of 0.05 M phosphate buffer adjusted to pH 7.0; a 1% oxalic acid solution prepared by dissolving 10 g of
oxalic acid dihydrate in 1 L of water; and a 0.1 mg/mL ascorbic acid standard solution prepared by accurately
weighing 50 mg of ascorbic acid and dissolving it in 500 mL of the 1% oxalic acid solution. The procedure
began with the standardization of the 2,6-dichloroindophenol dye, which involved titrating 2 mL of the dye
solution with the standard ascorbic acid solution until the red color disappeared. The endpoint was clearly
observed using a white background. The amount of ascorbic acid oxidized was calculated based on the
relationship where 2 mL of dye corresponds to the volume of ascorbic acid used multiplied by 0.1 mg/mL,
as the reaction involved the oxidation of ascorbic acid and the reduction of the dye colour. For the analysis
of the actual samples, the juice from each fruit and vegetable was obtained, and approximately 5 mL of the
juice was pipetted into a 50 mL volumetric flask, diluted to the mark with the 1% oxalic acid solution, and
transferred to a burette. Then, 2 mL of the dye solution in a beaker was titrated with the juice solution until
the red color disappeared. The volume required to decolorize the dye reflects the ascorbic acid content, which
was calculated using the standardized relationship [29].

2.6 Statistical Analysis

The experimental data were analysed statistically using one-way analysis of variance to evaluate the
significant differences among the treatment groups [30]. Each analysis was performed in triplicate, and the
results were reported as the mean + standard deviation. The IBM SPSS 29.0 software for Windows was
employed to determine the significant differences in the effect of the coating solutions on the coated and
uncoated samples, utilizing one-way Analysis of Variance with a 95% confidence level.

3 Results and Discussion

3.1 Physicochemical Characteristics of the Seaweed-Based Coating

The seaweed extract from Caulerpa lentillifera was prepared to form a coating solution, and its
physicochemical properties were analysed to understand its potential as a natural edible coating.

3.1.1 pH Value

The pH of the Caulerpa lentillifera extract was measured to assess its acidity or alkalinity, which is a
critical factor for maintaining food quality and safety. Table 1 shows the 1% SE + LEO coating had lower pH
than 2% SE + LEO (6.58 + 0.08). The pH value influences the antimicrobial activity, enzymatic reactions, and
overall stability of the coating [31]. High acidity can inhibit microbial growth but may also cause undesirable
changes in the food’s sensory attributes. The pH measurements provide essential data for optimizing coating
formulations to preserve food effectively.

3.1.2 Total Phenolic Content (TPC)

The analysis of the seaweed-based coating solutions revealed that the incorporation of lemon essential
oil significantly increased the total phenolic content, as shown in Table 1. This suggests a synergistic
relationship between the seaweed extract and lemon essential oil, enhancing the coating’s antioxidant
potential [32]. The Caulerpa lentillifera seaweed species is known to contain compounds with antioxidant,
anti-inflammatory, anti-cancer, and anti-diabetic properties, making it a valuable functional ingredient [33].
The higher total phenolic content in the 2% SE + LEO coating enhances its ability to prevent oxidation of food
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surfaces, thereby improving shelf life. The coating with a higher seaweed extract concentration exhibited a
higher total phenolic content, indicating a greater antioxidant capacity. The phenolic compounds present
in both the seaweed extract and lemon essential oil play a vital role in scavenging free radicals, preventing
lipid oxidation, and maintaining the quality of the coated produce. The enhanced phenolic content in the
combined coating solution suggests a synergistic effect between the seaweed extract and lemon essential oil,
potentially providing better preservation and protection for the coated fruits and vegetables [34]. The results
of the total phenolic content analysis underscore the potential of seaweed-based coatings enriched with
lemon essential oil as a natural and effective preservation method for extending the shelflife and maintaining
the quality of fruits and vegetables [35].

Table 1: Physicochemical properties of seaweed coating

Coating formulation 1% SE+LEO 2% SE + LEO

pH value 6.17 + 0.06° 6.58 + 0.08
Total phenolic content TPC (mg GAE/g) 0.2492 + 0.004* 0.3142 + 0.004*
Total flavonoid content TFC (mg RE/g)  0.1158 + 0.005*  0.2127 + 0.005
DPPH radical scavenging activity (%) 76.51 + 0.42° 83.21 + 0.19"

Note: standard deviation (n = 3), the values having the same alphabet on the same row
showed no significant difference at p < 0.05, the values having different alphabet on the
same row showed a significant difference at p < 0.05.

3.1.3 Total Flavonoid Content (TFC)

The coating solutions exhibited variations in their flavonoid content, as shown in Table 1. The 2%
seaweed extract + lemon essential oil coating had a slightly higher total flavonoid concentration compared
to the 1% SE + LEO formulation [36]. This difference may be attributed to the higher percentage of seaweed
extract in the 2% SE + LEO coating. Flavonoids are recognized for their potent antioxidant properties and
ability to effectively scavenge free radicals, which can prevent the oxidation of lipids and other compounds
that contribute to food spoilage [37]. The total flavonoid content is a crucial parameter in evaluating the
coating’s potential for food preservation, as it directly relates to the coating’s capacity to protect the food
product from oxidative damage and extend its shelf life [37]. Consequently, coatings with a higher flavonoid
content can enhance the protection and prolong the shelf life of the food product. Flavonoids are known
to significantly contribute to the health-promoting attributes of various plant-based products [38], and
this enhancement is achieved through their ability to reduce lipid peroxidation during storage, which
underscores their importance in maintaining food quality [39]. The higher flavonoid content in the 2% SE +
LEO coating suggests that this formulation may offer greater antioxidant protection and preservation benefits
compared to the 1% SE + LEO coating. The use of flavonoid-rich coatings has been demonstrated to be
effective in impeding adverse changes caused by lipid peroxidation during storage, further highlighting the
potential benefits of the seaweed-based coating with lemon essential oil [39].

3.1.4 Evaluation of the pH and Antioxidant Capacity

The pH values of the coating formulations differed significantly between the two treatments: the 1% SE
+ LEO formulation had a lower pH (6.17 + 0.06) than the 2% SE + LEO formulation (6.58 + 0.08) as shown
in Table 1. Due to its lower buffering ability, the 1% seaweed extract solution is less effective at neutralising
lemon essential oil’s acidity. Citral and other oxygenated monoterpenes are slightly acidic in lemon essential
oil. These substances affect pH more in the 1% SE formulation due to the lower concentration of seaweed-
derived minerals and polysaccharides, which act as weak bases or pH stabilisers. The 2% SE formulation may
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have more buffering agents, allowing it to partially offset the acidic components of the essential oil and raise
its pH. The antioxidant capacity of the coating solutions was assessed using the DPPH assay, which revealed
notable variations between the two formulations. As shown in Table 1, the 2% SE + LEO solution exhibited
a higher percentage of DPPH radical scavenging activity compared to the 1% SE + LEO formulation. This
can be attributed to the increased concentration of seaweed extract in the 2% SE + LEO coating. The DPPH
assay provides a quantitative evaluation of the coating’s antioxidant potential by measuring the ability of
antioxidants to neutralize free radicals. The enhanced antioxidant capacity of the 2% SE + LEO solution is
likely due to the higher concentration of seaweed extract, which is a rich source of bioactive compounds,
including polyphenols, flavonoids, and carotenoids [33]. These compounds play a crucial role in neutralizing
free radicals, preventing lipid oxidation, and maintaining the quality of the coated produce. The results of the
antioxidant capacity analysis highlight the potential of seaweed-based coatings enriched with lemon essential
oil as a natural and effective preservation method for extending the shelf life and maintaining the quality of
fruits and vegetables. The superior DPPH radical scavenging activity of the 2% SE + LEO solution suggests
that this formulation may offer greater protection against oxidative damage and spoilage, potentially resulting
in extended shelf life and improved overall quality of the coated fruits and vegetables. Nanoemulsion-based
methods have proven effective in encapsulating active ingredients, including antioxidants, due to their small
droplet size, stability, and enhanced biological activity [40]. Coatings based on nanoemulsions can act as
carriers for oil-soluble vitamins, antimicrobials, flavours, and nutraceuticals, improving the quality attributes
of food products [41]. The application of essential oils as natural antimicrobials for food preservation is
gaining interest, but their bioactivity can be affected by environmental conditions; encapsulating them in
biodegradable polymers can enhance their efficacy and stability [42].

3.2 Analysis on Physicochemical Properties and Shelf Life of Fruits and Vegetables
3.2.1 Weight Loss

Table 2 shows the weight loss analysis of the samples. The weight loss of coated and uncoated samples
is significantly increase with the storage time where all the samples are kept and measured over a 12-days
of period to assess the coating effectiveness in preserving their quality. Weight loss analysis is an indicator
of quality deterioration, as it is mainly related to shelf life and market acceptability. The results from above
diagram, Fig. 1, reveals that there was a trend in weight reduction among the coated and uncoated tomato,
red chili, egg plant and carrots which coated using different coating solutions, where coated samples having
lower weight loss than control. The data analysis revealed that the samples coated with the 2% seaweed
extract + lemon essential oil solution exhibited the lowest percentage of weight loss on the 12th day of storage.
This suggests that the 2% SE + LEO coating was the most effective treatment in retaining the weight of the
samples, likely due to its ability to control the respiration process and limit moisture loss to the surrounding
environment. The use of higher concentrations of plant-based extracts may benefit the coated food samples
by reducing weight loss during storage [43].

Weight loss is a critical parameter in assessing the shelf life and quality of fruits and vegetables, as it
directly reflects the rate of moisture loss and metabolic activity of the produce during storage. The weight
loss in uncoated control samples was significantly higher than in coated samples, which may be attributed to
the seaweed-based coatings’ ability to create a protective barrier against moisture loss. The active coating and
vacuum packaging act as a physical semi-permeable or impermeable barrier to water vapor and respiratory
gases that reduce the fruit metabolic activity [34]. This barrier effect slows down the rate of transpiration
and respiration, leading to reduced water loss and subsequently lower weight loss [44]. Seaweed extracts and
essential oils have been shown to create a semi-permeable layer on the surface of fruits and vegetables that
acts as a barrier to moisture loss and gas exchange. The edible films act as a barrier between the food and the
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external environment to prevent the direct interaction of food with atmospheric gases and microbes, which
reduce the rate of respiration, keeping the food fresh for an extended period [4].

Table 2: Weight loss values of samples under different treatments on days 0, 6, and 12

Sample type  Treatments Day 0 Day 0 Day 6 Day 6 Day 12 Day 12
Initial Weight Final Weight Final Weight
weight (g) loss (%) weight (g) loss (%) weight (g) loss (%)
Controlled 150.2 0 142.4 5.21 134.0 10.76
Tomato 1% SE + LEO 152.5 0 1441 5.52 138.4 9.29
2% SE +LEO 149.8 0 143.6 4.11 136.7 8.70
Controlled 35.7 0 33.3 6.61 31.7 11.12
Red Chili 1% SE + LEO 36.2 0 34.0 3.52 33.2 8.29
2% SE +LEO 349 0 33.8 3.11 32.8 6.21
Controlled 210.3 0 199.3 5.22 188.9 10.21
Eggplant 1% SE + LEO 215.6 0 208.0 3.52 200.0 7.29
2% SE + LEO 211.9 0 207.4 211 198.7 6.21
Controlled 85.4 0 82.4 3.49 78.4 8.21
Carrot 1% SE + LEO 88.2 0 85.3 3.32 82.7 6.29
2% SE + LEO 86.0 0 84.2 3.11 82.0 5.69
Effect of Coating on Tomato Weight Loss Effect of Coating on Red Chili Weight Loss
1zr B Control (Mon-coated) B Control {Non-coatad)
[ 1% SE + LEO 12 - 1% SE 4+ LEOQ
= 107 =3 2% SE + LEO F | O3 2%SE+LEO
% tuq' 10
§ 3
£ =]
2 s
£ =
[} ()
E 3
Day Dray
(a) (b)
Effect of Coating on Eggplant Weight Loss Effect of Coating on Carrot Weight Loss
B Control (Nan-coated) B Control (Non-coated)
10 B 1% SE + LEO g BN 1% SE + LEO
g [ 2% SE + LED = [ 2% SE + LEGQ
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Figure 1: The percentage of weight loss: (a) tomato, (b) red chili, (c) eggplant, (d) carrot
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3.2.2 Physical Appearance and Firmness

The results showed that the seaweed coating helped maintain the physical appearance and firmness of
the fruits and vegetables during storage as shown in Table 3. The general shelf life under standard storage
conditions: tomatoes (5-7 days at room temperature, 7-10 days refrigerated), red chilies (3-5 days at room
temperature, 5-7 days refrigerated), eggplants (3-5 days at room temperature, 5-7 days refrigerated), and
carrots (1-2 weeks refrigerated). The coated samples retained their color, texture, and overall visual appeal
better than the control samples, which exhibited signs of wilting, shriveling, and discoloration [45]. The
seaweed coating acts as a protective barrier, reducing the rate of moisture loss and slowing down the
degradation processes that lead to changes in physical appearance. The controlled atmosphere created by
the coating also helps to maintain the firmness of the produce by preventing cell wall breakdown and
tissue softening. The inclusion of lemon essential oil in the seaweed coating can further enhance its ability
to preserve the physical appearance and firmness of the fruits and vegetables [46]. The results showed a
significant decline in the firmness of the control samples compared to the coated samples over the storage
period, where the edible coating maintains the product quality during storage. Firmness of the fruits
and vegetables decreases during storage but the rate of firmness loss can be minimized by application of
edible coating.

Table 3: Firmness values of samples under different treatments on days 0, 6, and 12

Day Tomato Red chili
Control 1% SE + LEO 2% SE+ LEO Control 1% SE+LEO 2% SE + LEO
| ‘ (
| 7 )
12 ‘ (

(Continued)
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Table 3 (continued)

Eggplant Carrot
Control 1% SE+LEO 2% SE+LEO Control 1% SE+LEO 2% SE + LEO

N/A

Note: Day 12 firmness data for eggplant and carrot were not recorded due to sample spoilage.

Day

g = =

12 N/A N/A N/A N/A N/A

The coated fruit samples had higher firmness values than the uncoated samples at each storage period
tested (0, 6, and 12 days), thus the difference in firmness values became more evident as storage time was
increased. The firmness value of coated and uncoated samples is significantly decreased with the storage time
where all the samples are kept and measured over a 12-days of period to assess the coating effectiveness in
preserving their firmness. Firmness analysis is an indicator of quality deterioration. The samples coated with
the 2% seaweed extract + lemon essential oil solution exhibited the highest firmness values on the 12th day
of storage. These samples were significantly firmer than the uncoated samples, indicating that the 2% SE +
LEO coating was the most effective treatment in maintaining the firmness of the samples, likely due to its
ability to reduce moisture loss and cell wall breakdown. The firmness and texture of coated commodities
have been significantly improved by using the coating formulation [3]. The physical appearance and firmness
of fruits and vegetables are crucial indicators of their freshness and consumer appeal, where a natural and
safe coating can improve the appearance and safeguard the fruits [47]. However, the study’s dependence on
visual observation for firmness assessment was a limitation, as illustrated in Table 4. This subjective method
may not accurately reflect minor but significant textural changes. Instrumental measurements should be
incorporated into future research to enhance the reliability of the data.

Table 4: Condition of uncoated and coated sample for 12 days of storage

Treatments Day Day 0 Day 6 Day 12
Control Tomato Fresh and firm Slightly soft, Slightly shrinked, softer,
(Uncoated) Darker in colour darker in colour
Red chili Fresh and firm Wrinkled Wrinkled, shrinked

(Continued)
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Table 4 (continued)

Treatments Day Day 0 Day 6 Day 12
Eggplant Fresh and firm Slightly soft, Discoloured, shrinked,
darker in colour mushy
Carrot Fresh and firm Wrinkled Moldy, shrinked
1% SE + LEO Tomato Fresh and firm Firm, slightlt Slightly soft, darker in
darker in colour colour
Red Chili ~ Fresh and firm Firm, slightly Wrinkled
wrinkled
Eggplant Fresh and firm Firm Wrinkled, slightly soft
Carrot Fresh and firm White blush Shrinked, slightly
appeared dehydrated (appearance)
2% SE + LEO Tomato Fresh and firm Firm Firm, darker in coloured
Red chili Fresh and firm Firm Slightly wrinkled
Eggplant Fresh and firm Firm Slightly wrinkled
Carrot Freshand firm  Slightly wrinkled Slightly shinked and
wrinkled

3.2.3 Moisture Content

The moisture content of fresh fruits and vegetables is a critical factor in maintaining their turgidity,
texture, and overall quality [48]. Fruits and vegetables with high moisture content are more susceptible to
microbial spoilage and enzymatic degradation. In this study, the moisture content of the coated and uncoated
fruits and vegetables was measured at regular intervals during the storage period to assess the effectiveness
of the seaweed coating in retaining moisture. The moisture content of the fruits and vegetables decreased
gradually over the storage period. The uncoated samples exhibited a more rapid decline in moisture content
compared to the coated samples. This could be attributed to the edible coating’s ability to form a protective
barrier, thereby reducing water loss through transpiration [34]. It has been found that edible coatings can
significantly reduce the rate of moisture loss in fruits and vegetables, extending their shelf life and preserving
their quality [46]. The result shown as a percentage in Fig. 2 shows the moisture content of fruits and
vegetables during storage.

The moisture content of tomato decreased gradually over the storage period, with the uncoated samples
exhibiting a more rapid decline compared to the coated samples. On day 0, the moisture content of the
uncoated tomato was 93.4%, while the moisture content of tomato coated with 1% SE + LEO and 2% SE +
LEO was 93.4% and 93.4%, respectively. On day 6, the moisture content of the uncoated tomato decreased to
88.5%, while the moisture content of tomato coated with 1% SE + LEO and 2% SE + LEO was 90.2% and 91.5%,
respectively. On day 12, the moisture content of the uncoated tomato further decreased to 82.3%, while the
moisture content of tomato coated with 1% SE + LEO and 2% SE + LEO was 85.6% and 88.9%, respectively.

The moisture content of red chili decreased gradually over the storage period, with the uncoated samples
exhibiting a more rapid decline compared to the coated samples. On day 0, the moisture content of the
uncoated red chili was 84.2%, while the moisture content of red chili coated with 1% SE + LEO and 2%
SE + LEO was 84.2% and 84.2%, respectively. On day 6, the moisture content of the uncoated red chili
decreased to 78.4%, while the moisture content of red chili coated with 1% SE + LEO and 2% SE + LEO was
80.1% and 82.5%, respectively. On day 12, the moisture content of the uncoated red chili further decreased
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to 72.1%, while the moisture content of red chili coated with 1% SE + LEO and 2% SE + LEO was 75.8% and
79.2%, respectively.
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Figure 2: The percentage of moisture content on day 0, day 6 and day 12 of each uncoated and coated sample: (a) tomato,
(b) red chili, (c) eggplant, (d) carrot

The moisture content of eggplant decreased gradually over the storage period, with the uncoated
samples exhibiting a more rapid decline compared to the coated samples. On day 0, the moisture content
of the uncoated eggplant was 92.7%, while the moisture content of eggplant coated with 1% SE + LEO and
2% SE + LEO was 92.7% and 92.7%, respectively. On day 6, the moisture content of the uncoated eggplant
decreased to 86.5%, while the moisture content of eggplant coated with 1% SE + LEO and 2% SE + LEO was
88.2% and 90.5%, respectively. On day 12, the moisture content of the uncoated eggplant further decreased
to 79.4%, while the moisture content of eggplant coated with 1% SE + LEO and 2% SE + LEO was 83.7% and
871%, respectively.

The moisture content of carrot decreased gradually over the storage period, with the uncoated samples
exhibiting a more rapid decline compared to the coated samples [49]. On day 0, the moisture content of the
uncoated carrot was 88.3%, while the moisture content of carrot coated with 1% SE + LEO and 2% SE + LEO
was 88.3% and 88.3%, respectively. On day 6, the moisture content of the uncoated carrot decreased to 82.6%,
while the moisture content of carrot coated with 1% SE + LEO and 2% SE + LEO was 84.3% and 86.6%,
respectively. On day 12, the moisture content of the uncoated carrot further decreased to 76.2%, while the
moisture content of carrot coated with 1% SE + LEO and 2% SE + LEO was 80.9% and 84.2%, respectively.
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3.2.4 Ascorbic Acid Content

Ascorbic acid, commonly known as Vitamin C, is a vital water-soluble vitamin that plays a pivotal role
in human health due to its antioxidant properties and involvement in various metabolic processes [50].
However, ascorbic acid is highly susceptible to degradation during postharvest storage due to its sensitivity
to factors such as oxidation, light exposure, temperature fluctuations, and enzymatic activity [34]. Fig. 3
illustrates the impact of seaweed extract and lemon essential oil coatings on the ascorbic acid content of fruit
and vegetable samples during a 12-day storage period. The results indicate that samples coated with 2% SE +
LEO retained significantly higher levels of ascorbic acid compared to the uncoated samples and those coated
with 1% SE + LEO.
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Figure 3: The percentage of ascorbic acid on day 0, day 6 and day 12 of each uncoated and coated sample: (a) tomato,
(b) red chili, (c) eggplant, (d) carrot

The enhanced retention in the 2% SE + LEO group can be ascribed to multiple variables. The coating
functions as a physical barrier, reducing exposure to air and light that hastens the decomposition of ascorbic
acid. Its semi-permeable characteristics modulate the interior environment, diminishing respiration and
enzymatic activity. Secondly, both seaweed extract and lemon essential oil exhibit antioxidant capabilities
that may aid in stabilising and safeguarding ascorbic acid from oxidative stress. Seaweed extracts are
abundant in phenolics and polysaccharides that neutralise free radicals, whilst lemon essential oil comprises
limonene and citral, recognised for their antioxidant properties [51].

The coating may also diminish the action of ascorbic acid oxidase, the enzyme that degrades ascorbic
acid The edible coating can increase the shelf life of foods due to its antimicrobial and antioxidant
activity [52]. The edible coating enhances preservation by providing both physical and biochemical protective
effects, so aiding in the maintenance of the produce’s nutritious content [53]. The findings of maintained
levels of ascorbic acid in high light intensity can be maintained during the shelf life [54].
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3.2.5 Total Soluble Solid

Total soluble solids represent the total concentration of dissolved solids in a solution, primarily
consisting of sugars, acids, and minerals. Total soluble solids (TSS) denote the concentration of dissolved
substances in product, primarily sugars, acids, and minerals. Fig. 4 presents the trends in TSS content for both
coated and uncoated fruit and vegetable samples during a 12-day storage period. The findings indicate that
TSS levels rose in all samples throughout time, signifying continuous ripening and carbohydrate degradation.
The results indicate that the TSS content generally increased over time for all samples, but the rate of
increase was lower in the 2% SE + LEO coated samples compared to the uncoated samples and those coated
with 1% SE + LEO [55]. The findings indicate that the coating aids in postponing the ripening process by
diminishing the degradation of complex carbohydrates into simple sugars. The combination of seaweed
extract and lemon essential oil creates a semi-permeable barrier that restricts gas exchange and reduces
metabolic activity, hence assisting in the maintenance of TSS levels [55]. The seaweed extract and lemon
essential oil coating acts as a barrier, regulating gas exchange and slowing down the metabolic rate, thereby
reducing the breakdown of complex carbohydrates and the subsequent increase in TSS. A minor reduction
in TSS was noted throughout the later phases of storage, especially in uncoated samples. This may result
from the utilisation of sugars via respiration or microbial activity, causing a reduction in sugar stores. The
2% SE + LEO coating significantly mitigated the rise in TSS during storage, demonstrating its efficacy in
maintaining the freshness and postponing the over-ripening of fruits and vegetables [55]. The decrease in
TSS levels observed in the later stages of storage, particularly in the uncoated samples, can be attributed to
the depletion of sugar reserves through respiration and other metabolic processes. Additionally, microbial
activity may contribute to the consumption of sugars, further reducing the TSS content.
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4 Conclusion

The findings of this study demonstrate the effectiveness of seaweed extract and lemon essential oil
coatings in extending the shelf life and preserving the quality of fruits and vegetables. The 2% SE + LEO
formulation particularly reduced weight loss, maintained firmness, preserved ascorbic acid content, and
regulated total soluble solids, enhancing the overall postharvest quality. These benefits are attributed to the
coating’s ability to act as a barrier against moisture loss, regulate gas exchange, inhibit microbial growth,
and reduce enzymatic activity. The coating treatment significantly inhibited respiration rate, weight loss,
and softening, while also inhibiting polyphenol oxidase activity, electrolyte leakage, and malondialdehyde
accumulation. The seaweed-based coatings are biodegradable, biocompatible, and non-toxic, making them
a sustainable alternative to synthetic coatings. Moreover, the use of lemon essential oil enhances the
antimicrobial and antioxidant properties of the coating while adding a pleasant aroma, improving the
overall sensory appeal. The coatings enriched with active ingredients directly interact with the food surface,
inhibiting microbial proliferation. The results have significant implications for the postharvest handling and
storage of fruits and vegetables. The seaweed extract and lemon essential oil coatings can reduce postharvest
losses, extend shelf life, and maintain nutritional and sensory quality, benefiting producers and consumers.
Further research is warranted to optimize the coating formulation, explore its applicability to a wider range
of produce, and evaluate its performance under different storage conditions. The combination of seaweed
extract with other natural antimicrobials and antioxidants may lead to the development of more effective and
sustainable coating solutions for preserving quality and extending shelf life. Edible coatings based on natural
sources like seaweed offer a promising approach to reduce food waste and promote sustainable agriculture.
However, a limitation of this study is the lack of distinct treatment groups comprising either seaweed extract
or solely lemon essential oil. This constrains the capacity to ascertain the distinct effects of each component
in isolation. Subsequent research ought to incorporate these distinct treatment groups to more effectively
identify and comprehend their individual and collective contributions to preservation.
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