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Abstract: This study investigated the development of an edible coating using soy protein isolate (SPI) and pomegranate
peel extract (PPE) to extend the shelf life of fresh-cut pineapple (FCP). Different dipping times (0, 2, 3, and 4 min)
of the FCP in the coating solution were evaluated, and the samples were stored at 4 °C for 15 days, with analyses
performed on days 0, 3, 8, 10, and 15. Results showed that the coated FCPs exhibited higher firmness and titratable
acidity. Furthermore, the PPE-SPI coating also prevented weight loss as well as delayed the increase in pH and total
soluble solids, suggesting slower senescence and enhanced preservation. Notably, a 4 min dipping time significantly
(p < 0.05) reduced total plate count and yeast and mould count compared to control samples by 30% and 40%,
respectively. The study suggests that longer dipping times enhance the effectiveness of the PPE-SPI coating in extending
the shelf life of FCP, showcasing the potential of the PPE-SPI coating as an alternative to synthetic preservation methods
for fresh-cut fruits.
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1. Introduction

Over the recent decades, the consumption of fresh-cut fruits has surged, driven by factors such as rapid preparation,
convenience, and minimal processing that preserves their inherent nutritional qualities [1]. However, fresh-cut fruits
have a relatively short shelf life, typically ranging from 5 to 7 days in chilled storage [2]. Primary spoilage factors
encompass the physical processes of cutting and peeling, which expose the fruits and vegetables to cellular degradation
and microbial contamination [3]. The deterioration of fresh-cut products impacts nutritious components, aroma, colour,
moisture, and microbiological quality [4].

Pineapple (4dnanas comosus (L.) Merr. (Bromeliaceae)) is widely consumed globally, and is prevalent in tropical
regions such as Costa Rica, Philippines, Brazil, Thailand, and Malaysia [5]. The pineapple market is projected to grow
significantly, with an estimated market size of USD 28.79 billion in 2024 and is expected to reach USD 39.13 billion
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by 2029. Apart from being consumed as fresh-cut fruits, pineapple is often processed into various value-added products
such as jam, beverages, powder, and syrup [6]. Approximately 80% of pineapples sold are processed, with 48% of
the processed amount used for concentrated juice and 30% for canned fruit [7]. Despite its popularity, pineapples are
highly perishable, posing challenges for storing and packaging. The ideal storage temperatures of pineapples range
from 4 to 12 °C [8-10] and higher storage temperatures can accelerate the conversion of starch into sugar, increasing the
risk of microbial spoilage [6, 11]. Postharvest losses of pineapples can occur during various stages, including harvest,
storage, and transport and these losses are estimated to range between 20% and 40%. The primary causes include
mechanical injuries, decay, physiological disorders, and damage caused by fruit pests. Additionally, fresh-cut pineapples
(FCPs), when exposed to high oxygen concentration, are susceptible to browning which is often caused by the enzyme
polyphenol oxidase (PPO) [9]. This process can be delayed by coating the fruit to reduce the concentration of available
oxygen.

Edible film or coating is a green approach, offering technical functions of enhancing appearance, providing
antimicrobial and antioxidant properties, preventing browning, and serving as a barrier against moisture, gas, solute
movement, and food aroma [9, 12]. Their significance extends beyond practicality, aligning with the growing emphasis
on sustainability within the modern food industry [12]. Edible coating is typically developed using biopolymers such
as protein, lipids, and polysaccharide or combination thereof [11, 13]. The incorporation of active ingredients has
enhanced the functionality of edible coatings, extending their potential from improving barrier properties to providing
antimicrobial and antioxidant effects [14]. However, maintaining the original organoleptic properties of food while
ensuring safety for human consumption remains paramount [15, 16]. Recent studies have demonstrated the effectiveness
of edible coatings in prolonging the shelf life of FCP. In a previous study, sodium alginate coating containing citral
nanoemulsion effectively preserved colour, lowered respiration rates, and minimized microbial contamination in FCP for
up to 12 days at 4 °C [10]. Similarly, an almond gum coating maintained sensory qualities and inhibited microbiological
growth on FCP for ten days at 7 °C [17].

Soy protein isolate (SPI) is biopolymer extracted from soybean meal, consisting of over 95% protein content. It has
gained popularity as a key ingredient in composite films due to its excellent compatibility with various polymers such
as cellulose, gelatin, starch, and bio-active compounds [18]. SPI offers several benefits, including high availability, cost-
effectiveness, low gas permeability, and excellent film-forming abilities, making it an ideal food packaging material [19,
20]. It is also highly soluble in water and safe for consumption, which makes SPI a suitable material for edible coatings
[19, 21]. Due to its hydrophilicity, SPI possesses a poor moisture barrier, which necessitates interactions with other
additives to enhance its functionality [22]. Various approaches have been used to improve the physical and functional
properties of SPI films. Lipids such as soybean oil [23], rapeseed oil [24] and sunflower oil [22] have been incorporated
to improve the elongation and moisture barrier of SPI films. On the other hand, plant-based extracts such as mango
kernel [25], mangosteen peel [26], and liquorice residue [27], have been incorporated in SPI films and coatings to
improve the functional properties such as antioxidant and antimicrobial activities.

Pomegranate (Punica granatum L.) peel contributes to a significant portion of fruit waste, representing
approximately 50% of the total fruit mass [28]. Pomegranate peel is rich in phenolic compounds and flavonoids,
including anthocyanins, punicalagin, ellagitannins, gallagic acid, and ellagic acid, making it a promising source
of antimicrobial and antioxidant compound [29, 30]. Numerous studies have demonstrated the antioxidant and
antimicrobial properties of pomegranate peel extract (PPE) in various food products such as fish burger [31], chicken
nuggets [32], tomatoes [33], and alfalfa sprout [34].

To date, research on SPI and PPE-based edible coatings for preserving fresh-cut pineapple is limited. In a previous
study, Yousuf and Srivastava [35] reported that the application of SPI coating incorporated with honey effectively
prolonged the shelf life of pineapples for up to 16 days and with a higher retention of phenolic compounds. The
combination of SPI’s gas barrier property and PPE’s antioxidants makes it a promising material for protecting fresh-cut
fruit and delaying oxidative deterioration. Therefore, this study aimed to incorporate PPE into SPI to produce an edible
coating. The effect of dipping time on the physicochemical changes and microbiological quality of fresh-cut pineapple
was also investigated.
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2. Materials and methods
2.1 Materials

All of the fresh pineapples were sourced on the same day from a local supermarket (Serdang, Malaysia) in the
month of May 2023 for consistency. The samples were meticulously examined and chosen for uniform shape and
absence of visual defects. Pineapples at stage 3 maturity, characterized by a half-yellowish-orange coloration on half of
the surface, were selected according to guidelines outlined by the United Nations Economic Commission of Europe [36].
Pomegranate peel was collected from a local fruit juice franchise (Kuala Lumpur, Malaysia). Absolute ethanol, plate
count agar, and potato dextrose agar were procured from Merck (Darmstadt, Germany). Soy protein isolate (SPI, 92%
protein content), glycerol, sodium hydroxide pellets (NaOH), and calcium chloride (CaCl,) were supplied by Sigma-
Aldrich Co. (St. Louis, USA). All the chemicals and solvents used were of analytical grades.

2.2 Preparation of pomegranate peel extract

The pomegranate peel extract (PPE) was prepared according to the method of Nur Hanani et al. [37] and Han
Lyn et al. [38]. The peel was cut into small pieces and washed using sterile distilled water. Immediately, the collected
pomegranate peel was subjected to oven drying (Memmert Universal Oven UF110, Roth, Germany) at 40 °C for 48
h. The dried pomegranate peel was ground into a fine powder using an electronic blender (Tefal Blend-force 3071,
Sarcelles, France). The extraction of pomegranate peel was done using the maceration method. Absolute ethanol
was introduced to the peel at the ratio of 5 : 1 (w : v). The mixture was shaken using a digital orbital shaker (witeg
Labortechnik GmbH, Wertheim, Germany) at 70 rpm for 24 h at room temperature (26 + 1 °C) in the dark. The filtrate
was collected using a Whatman no. 4 filter paper (Maidstone, United Kingdom). The crude pomegranate peel extract
(PPE) was obtained by evaporating the remaining solvent using a rotary evaporator (IKA® RV8, Staufen, Germany) at
40 °C and 150 rpm.

2.3 Preparation of PPE-SPI coating solution

Sterile distilled water was heated to 60 °C and 3.5% (w/v) of SPI was added. The solution was stirred for 30 min.
An aliquot of glycerol (1%; w/v) and PPE (2%; w/v) were added into the solution and stirred at 50 °C for another 30
min. CaCl, (2%, w/v) was incorporated and the solution was stirred at 50 °C for another 30 min to induce crosslinking.
The formula for preparing 100 mL of PPE-SPI coating solution is shown in Table 1.

Table 1. Formula for 100 mL of pomegranate-soy protein isolate (PPE-SPI) coating solution for fresh-cut pineapples

Materials Sterile distilled water SPI Glycerol PPE CaCl,

Amount 100 mL 35¢g lg 2g 2g

2.4 Coating treatment and pineapples storage

The cutting board and knife were thoroughly washed and sanitized using a 0.1% (w/v) sodium hypochlorite
solution (NaClO). Pineapple fruits were sliced into wedges which were approximately 2 cm wide. The fresh-cut
pineapple (FCP) wedges were washed with distilled water for 2 min and the excess water was allowed to drip off. The
FCP was divided into 4 batches (treatments): a control group without dip coating and three groups with different dipping
times (2, 3, and 4 min) in the PPE-SPI coating solution. The maximum dipping time was limited to 4 min to prevent the
FCP from becoming soggy. After dipping, all samples were allowed to drip off excess solution for 1 min. Subsequently,
the dipped FCP wedges were immersed into CaCl, solution 2%, w/v) to induce cross-linking. Then, the samples
were air-dried at room temperature (26 + 1 °C). The average time taken for the samples to dry was approximately 60
min. Subsequently, the samples were packaged according to their respective batches. Three FCP wedges from each
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batch were placed in a polyethylene container with dimensions of 15 cm % 10 cm x 6 cm (length x width X height).
The samples were arranged evenly, ensuring no contact between them. Both control and coated FCP samples were
refrigerated (4 £ 1 °C) for 15 days in a commercial chiller (Midea, Guangdong, China). Physicochemical analyses were
conducted at regular intervals (days 1, 3, 5, 8, 10, 12, and 15). Analysis was terminated after day 15 due to visible mould
growth on all samples.

2.5 pH, titratable acidity, and total soluble solids

The control and coated FCP samples were homogenized and the residue was filtered using a Whatman no. 4 filter
paper. Subsequently, the pH values of the filtrate were measured using a pH meter (Mettler Toledo F20, Ohio, United
States).

Titratable acidity (TA) was determined according to the method by Wang et al. [13] by mixing an aliquot (10 g) of
the filtrate with 90 mL of sterile distilled water. The mixture was titrated along with 0.1 M NaOH solution until the end-
point of pH 8.1 was reached. The TA value of the sample was expressed as the percentage (%) of citric acid and was
calculated using the following formula:

WX N XV o

TA(%) = x100 (1)

Vsample
where, w is the weight of filtrate (g), NV is the concentration of the sodium hydroxide (M), ¥V, is the volume of the
sodium hydroxide solution used in titration (mL), v, is the volume of the solution being titrated (mL).

Total soluble solids (TSS) of the samples were measured with a refractometer (Atago PAL-1, Maharashtra, India)
based on the protocols of AOAC 942.15 [39] and Nazoori et al. [40]. The refractometer was calibrated using sterile
distilled water. Then, a few drops of the filtrate were dispensed onto the prism and the value was recorded. All the TSS

values were expressed as degree Brix (°Bx).

2.6 Firmness

The firmness of FCP was determined using a texture analyser (TA-XT2i, Stable Micro System, Surre, England)
with reference to the method described by Jiang et al. [41] with minor modifications. To simulate biting and chewing,
FCP sample (30 g) was positioned on the stage, and a stainless-steel cylindrical probe (2 mm diameter) with a 3.0 g load
cell and a head speed of 0.50 mm/s was lowered onto the sample until it pierced through. The maximum firmness was
recorded as peak force and expressed in newtons (N).

2.7 Weight loss

The weight of the samples was measured using a digital balance (Presica 4,000C, Zurich, Switzerland). The
initial weight of all samples (day 0) was recorded and compared with weight at day 3, 8, 10, and 15. The weight loss is
expressed in percent and calculated using the formula below [13]:

Weight loss (%) = M=™W 100 2)
0

where w, is the sample weight (g) at day 0 and w, is the sample weight (g) after storage.

2.8 Determination of colour change

The colour changes of FCP samples during 15 days storage were evaluated using a colorimeter (Minolta CR-300,
Konica Minolta Sensing, Tokyo, Japan). The instrument was calibrated using a standard white plate. Measurements
were taken at three predetermined locations on each sample to ensure consistency and uniformity in the data. Visible
yeast and mould growth was carefully removed before measurements were taken to ensure accuracy of data. The colour
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of the samples was measured using CIE L*a*b* coordinates, where L* represents lightness and darkness, a* represents
greenness or redness, and b* represents blueness or yellowness.

2.9 Microbiological analysis

Total plate counts (TPC) and yeast and mould counts (YMC) were carried out on both coated and uncoated FCP
samples on days 0, 3, 5, 8, 10, 12, and 15 of storage. To begin, FCP was aseptically transferred into a sterile stomacher
bag and homogenized with saline (0.85%, w/v). The mixture was pummelled using stomacher (Interscience Bag
Mixer® 400P, Saint Nom la Bretéche, France) for 1 min. Subsequently, serial dilutions were prepared and aliquots of
the diluent (0.1 mL) were pipetted and spread onto agar media. Plate count agar (PCA) and potato dextrose agar (PDA)
served as the growth media for TPC and YMC, respectively. Following inoculation, all plate cultures were incubated at
37 °C for 24 h (PCA) and 35 °C for 48 h (PDA). The analysis was carried out in triplicate and the number of colonies
was enumerated and expressed as logarithmic colony-forming units per gram (log CFU/g).

2.10 Statistical analysis

All data were statistically analysed using one-way analysis of variance (ANOVA) and Tukey’s comparison test
to determine significant differences (p < 0.05) among the mean values at a 95% level of significance (o = 0.05). The
analysis was conducted using Minitab software (version 2018).

3. Results and discussion
3.1 pH

Figure 1 shows the pH values of FCP with various dipping times across different storage periods. Significant
differences (p < 0.05) were observed between the coated samples and the uncoated (control) sample. On day 0, the
difference of pH values among all samples were insignificant (p > 0.05). The pH decrease in the coated samples could
be attributed to the acidity of the pomegranate extract [42]. From day 3 to day 15, a consistent increase in pH values
was noted across all FCP samples, including those with the maximum coating time of 4 minutes, reflects the natural
progression of ripening and senescence in fresh-cut pineapples [43]. This rise in pH could be attributed to the utilization
of organic acids as substrates for respiration, leading to the conversion of acids into sugars and consequently elevating
the pH.
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Figure 1. Effect of dipping times (0 (Control), 2, 3, and 4 min) of pomegranate peel extract-soy protein isolate coating on the pH of fresh-cut
pineapple during a 15-day storage at 4 °C

“*Means from the same dipping times which do not have a common superscript letter, are significantly different (p < 0.05)
*®Means from the same day which do not have a common superscript letter, are significantly different (p < 0.05)
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The coated samples showed significantly lower (p < 0.05) pH values compared to all coated samples. By day 15,
the coated FCP with a 4-min dipping time demonstrated the lowest pH (pH 4.2) among other dipping periods. This
shows that the PPE-SPI coating does not completely halt the metabolic processes associated with fruit ripening and
senescence. Instead, it slows these processes by reducing oxygen availability and limiting the rate of respiration [19,
44]. These findings align with a study by Mantilla et al. [2], which indicated that a sodium alginate/cinnamaldehyde
coating could delay the pH change in FCP for up to 15 days.

The lower pH observed in the coated samples may contribute to improved microbiological safety by inhibiting the
growth of many spoilage microorganisms and foodborne pathogens, as acidic conditions are generally unfavourable for
their proliferation. However, certain microorganisms, such as lactic acid bacteria, yeasts, and moulds, exhibit higher
tolerance to acidic environments. Consequently, monitoring total plate counts and yeast and mould counts is essential to
comprehensively evaluate the microbiological safety of the fruit throughout storage.

3.2 Total soluble solids

Figure 2 shows the TSS of the FCP during the storage period. Generally, an increasing trend of TSS was observed
across the samples as the storage period increased. Uncoated samples exhibited the highest TSS levels compared to the
coated FCP. The increase in TSS values suggests the occurrence of senescence, facilitating the breakdown of complex
carbohydrates into simple sugars inside the fruit matrices [45].
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Figure 2. Effect of dipping times (0 (Control), 2, 3, and 4 min) of pomegranate peel extract-soy protein isolate coating on the total soluble solids of
fresh-cut pineapple during a 15-day storage at 4 °C

“*Means from the same dipping times which do not have a common superscript letter, are significantly different (p < 0.05)

*®Means from the same day which do not have a common superscript letter, are significantly different (p < 0.05)

Interestingly, at the beginning of storage (day 0), the TSS values varied among the samples, despite all FCP being
at the same maturity level. The uncoated FCP and those coated with a 2-minute dipping time exhibited comparable (p >
0.05) TSS levels. However, FCP subjected to 3- and 4-minute dipping times demonstrated significantly lower (p < 0.05)
TSS values. This reduction is likely due to the formation of thicker coatings during prolonged dipping times, which may
have introduced additional surface moisture. During homogenization, this moisture could have diluted the extracted
juice, leading to a lower measured TSS.

Among the various coating periods on FCP, a 4-min dipping time resulted in the lowest TSS value, indicating
its potential to effectively delay pineapple senescence by lowering respiration and maturity rates [40, 43]. Apart from
providing physical barrier, the PPE in the coating, known for its antioxidant properties [38, 46-47], can indirectly lower
the TSS through several ways such as slowing down the oxidation process during fruit ripening and reducing the activity
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of enzymes such as amylase, which converts starches into sugars [48].

3.3 Titratable acidity

Titratable acidity (TA) is a crucial indicator of the storage lifespan of fruits, reflecting the concentration of organic
acids in the fruits. TA values decrease over time when the organic acids are consumed during senescence and respiration
of fruits, which often involves cellular breakdown [13, 49]. During this process, acids such as citric acid are metabolized
into simpler compounds such as carbon dioxide, water, and energy, and intermediate metabolites, primarily through
the tricarboxylic acid (TCA) or Krebs cycle, leading to a decrease in TA. Figure 3 shows the changes in TA of the FCP
during storage.

TA against day
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Figure 3. Effect of dipping times (0 (Control), 2, 3, and 4 min) of pomegranate peel extract-soy protein isolate coating on the titratable acidity of
fresh-cut pineapple during a 15-day storage at 4 °C

“"Means from the same dipping times which do not have a common superscript letter, are significantly different (p < 0.05)

*®Means from the same day which do not have a common superscript letter, are significantly different (» < 0.05)

The coated samples exhibited significantly higher (p < 0.05) TA values compared to uncoated samples. The rapid
decline in TA observed in the uncoated samples suggests accelerated fruit maturation and senescence [50], corroborating
the trends observed in pH levels where the uncoated samples displayed higher pH levels compared to the coated
samples. In some fruits, the TA content will increase with maturity before it starts to decrease [51, 52]. Notably, the
samples with 4-min dipping time have the highest TA values among the coated samples throughout storage, which
could indicate a lower respiration rate in the FCP. This is in good agreement with a study by Liao et al. [53], which
showed that fresh-cut pineapples with a citric acid-enriched sodium alginate coating showed higher TA than non-coated
pineapples in a chilled storage (4 °C), extending the shelf life for six days. In another study, the incorporation of PPE
into chitosan and alginate coatings effectively delayed the ripening process in the guava fruits [54].

3.4 Firmness and weight loss

Fruit firmness and weight are vital parameters in assessing fruits shelf life [55]. During harvesting, the high-water
content of fruits (80-95%) contributes to their fresh appearance and crisp texture [9]. However, post-harvest, natural
physiological process such as transpiration induce fruit senescence, resulting in softening and water loss [49]. Fruit
softening primarily occurs due to the cell wall decomposition, particularly pectin dissolution and polymer dissociation
[56], which are usually associated with enzymes such as polygalacturonase and pectin methyl esterase [13].

Based on the results presented in Figure 4, the firmness of uncoated FCP was approximately 17 N decreased along
the storage period. Immediately following the coating treatment (day 0), the firmness of FCP was significantly (p <
0.05) higher with longer coating times, likely due to the thicker coating layer deposited on the FCP. Parreidt et al. [57]
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reported similar results, where cantaloupe firmness increased with longer dipping times (4 min) in sodium alginate
solution, compared to 2 min and 1 min. A sharp decrease in firmness was observed in samples with 3- and 4-min dipping
time between day 0 and 3. The extended dipping time could have caused minor osmotic effects or enhanced enzymatic
activities due to the interaction between the coating and the fruit tissue, leading to reduced firmness.

Firmness against day
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Figure 4. Effect of dipping times (0 (Control), 2, 3, and 4 min) of pomegranate peel extract-soy protein isolate coating on the firmness of fresh-cut
pineapple during a 15-day storage at 4 °C

“°Means from the same dipping times which do not have a common superscript letter, are significantly different (p < 0.05)

*PBMeans from the same day which do not have a common superscript letter, are significantly different (p < 0.05)

The coated FCP samples exhibited significantly firmer (p < 0.05) texture compared to the control samples for
up to ten days during storage. Previous studies have also shown that SPI and SPI-chitosan coatings can significantly
reduce the softening rate of apricots [58]. The delaying in tissue softening may be attributed to the antimicrobial effect
of ellagic acid and ellagitannins in PPE, known for their antioxidant, antimicrobial, and bio-preservative properties [29,
30]. Furthermore, Ca’" ions in CaCl, may act as crosslinking agents, maintaining pectin structure stability in FCP while
inhibiting the activities of cell wall degrading enzymes such as pectin methylesterase, polygalacturonase, f-galactosidase,
and pectin lyase [56]. A transi ent reduction in firmness at day 8 could also result from localized microbial activity or
variations in water loss during storage. By day 10, a stabilization or compensatory structural adjustment in the remaining
tissues might explain the slight recovery in firmness, and all coated FCP demonstrated significantly higher (p < 0.05)
firmness compared to the uncoated sample.

A slight weight loss observed on day 0 may be attributed to moisture evaporation from the PPE-SPE coating
(Figure 5). Edible coatings help extend fruit shelf life by forming protective layers that cover the cell stomata, reducing
water loss and cell shrinkage during transpiration [59, 60]. Similar to the firmness values, the samples with a 4-min
dipping time demonstrated the least weight loss compared to other treatments until day 15. By day 15, FCP subjected
to a 4-min dipping time experienced 29% less weight loss compared to the control sample. This finding is corroborated
by Rajendran et al. [19], who reported that a 25% reduction in weight loss of avocados coated with a curcumin-
incorporated SPI coating after 10 days. Similarly, SPI-chitosan coatings were shown to reduce weight loss percentage in
apricots by 31% after 42 days [58]. However, SPI coatings are not excellent water barriers to prevent water loss, which
may explain the lack of significant differences (p > 0.05) in weight loss between coated and uncoated samples.
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Weight Loss against day

Weight Loss (%)
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Figure 5. Effect of dipping times (0 (Control), 2, 3, and 4 min) of pomegranate peel extract-soy protein isolate coating on the weight loss of fresh-cut
pineapple during a 15-day storage at 4 °C

“"Means from the same dipping times which do not have a common superscript letter, are significantly different (p < 0.05)

*®Means from the same day which do not have a common superscript letter, are significantly different (p < 0.05)

3.5 Colour change

Table 2 summarizes the colour changes in FCP during the storage period, expressed in L*, a*, and b* coordinates.
The colour of fresh-cut fruits is a pivotal indicator of quality and maturity, influencing consumer preferences. On day 0,
both control and coated samples exhibited similar (p > 0.05) L*, a*, and b* coordinates, suggesting minimal impact of
the PPE-SPI coating on FCP appearance (Figure 6). Despite the yellowish hue of the PPE-SPI coating solution, it did
not alter the visual aspect of the FCP once dried. A decreasing trend in L* value was observed at day 0, possibly due to a
thicker coating resulting from longer dipping times, consistent with findings by Mantilla et al. [2].

Table 2. Effect of dipping times (0 (Control), 2, 3, and 4 min) of pomegranate peel extract-soy protein isolate coating on the colour of fresh-cut
pineapple during a 15-day storage at 4 °C

Day 0 Day 3 Day 8 Day 10 Day 15
Control 63.97 +5.60"" 64.19 = 1.49"° 56.69 + 3.59™ 65.59 = 0.60 54.06 +2.79
2 min 61.85+1.82*¢ 65.99 +2.06"° 60.45 + 1.60™ 69.19 + 1.58" 58.83 +1.95
L*values
3 min 61.28 £1.93* 65.14 +3.20™ 61.41 £0.67* 65.74 £ 1.02™ 51.40 + 5.61"°
4 min 61.61 = 0.88™ 67.12 +0.94* 53.75 £2.09 64.20 = 1.82¢ 55.66 + 3.85""
Control 0.85 + 0.29* 1.27 £0.20™ 3.12+0.87™ 2.50+0.52* 3.09 +0.62™
2 min 1.21+0.30" 1.37+0.19™ 1.93+0.15% 2.58 £0.36™ 3.27+0.51™
a* values
3 min 1.51+0.14* 1.79 +0.12* 2.09 + 0.08"% 2.52 4+ 0.50* 2.96 + 0.08"
4 min 1.26 + 0.29* 1.50 + 0.34* 1.89£0.11 2.29+0.29* 2.58+0.27*
Control 15.09 +2.55™ 13.98 + 0.09* 13.14 + 5.05™ 14.95 +0.80™ 9.54 + 1.84“
2 min 11.87 £2.07 16.03 = 1.10" 13.4+0.14% 20.14 +1.99* 14.22 +0.67*
b* values
3 min 12.49 + 3.14* 14.47 + 3.40™ 16.37 £ 1.10™ 18.79 + 1.01™ 9.22 £2.65%
4 min 9.53 +1.16™ 12.79 + 1.36™ 9.04 +2.09% 15.55 + 1.06“ 10.74 + 0.98"

“"Means within a row which do not have a common superscript letter, are significantly different (p < 0.05)

*“Means within a column which do not have a common superscript letter, are significantly different (p < 0.05)
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Figure 6. Effect of dipping times (0 (Control), 2, 3, and 4 min) of pomegranate peel extract-soy protein isolate coating on the appearance of fresh-cut
pineapple during a 15-day storage at 4 °C

From day 3 to day 8, all coated samples exhibited higher lightness values compared to the control group.
Concurrently, the a* values for all samples increased significantly (p < 0.05) over time, indicating an increase in
redness. This observation could be associated with browning caused by the oxidation of phenolic compounds to their
corresponding o-quinones [41, 61]. Notably, coated samples with a 4-min dipping time exhibited the lowest a* values.
This can be ascribed to the gas barrier property of SPI, which restricts oxygen penetration into the FCP. Reduced
oxygen levels have been reported to impede enzymatic browning [62]. Additionally, antioxidants in PPE may delay
FCP oxidation, as demonstrated by Nair et al. [54], who found that the incorporation of 1% PPE in chitosan and sodium
alginate coatings delayed browning in guavas.

The coated samples exhibited lower a* values until day 8, after which the differences became insignificant (p >
0.05). This trend may be attributed to the progression of advanced enzymatic browning and oxidative processes, likely
indicating a depletion of the antioxidant activity in the PPE-SPI coating over time.

3.6 Microbiological changes

Due to large exposed surface area, high moisture content, and rich nutrient composition, cut fruits are especially
susceptible to microbial growth [3]. Table 3 shows the microbiological changes in coated and uncoated FCP samples
over a 15-day storage period, based on total plate count (TPC) and yeast and mould count (YMC).
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Table 3. Effect of dipping times (0 (Control), 2, 3, and 4 min) of pomegranate peel extract-soy protein isolate coating on the total plate count and yeast
and mould count of fresh-cut pineapple during a 15-day storage at 4 °C

Day 0 Day 3 Day 5 Day 8 Day 10 Day 12 Day 15

Total plate count (log CFU/g)

Control  0.00 £0.00*" 325+0.10% 538+0.04*  6.06+0.04* 6.75+0.42% 7.33+0.03"" 8.63 +0.04*
2min  0.00+0.00% 2.66+0.32% 3.92+0.15% 431+0.09* 4.99+0.06" 5.19+0.04" 6.15+0.06™
3min  0.00+0.00"" 246+028 3.89+0.11%  430+0.04* 496+0.06" 521+0.05" 6.10+0.05"

4min  0.00+0.00"" 2.40+0.17° 3.66+0.10°  4.16+0.09" 4.94+0.08" 5.13+0.04" 6.03+0.03"™

Yeast and mould count (log CFU/g)

Control  0.00 +0.00™ 1.33+1.15* 143+1.25" 286+0.24" 3.01+021" 428+0.16" 5.10+0.53"
2min  0.00 £0.00* 0.67+1.15" 149+132* 1.69+147* 1.73+1.53" 230+0.30%" 3.04+0.17™
3min  0.00+0.00* 0.00+0.00" 1.33+1.15" 1.59+1.38" 1.67+1.46" 233+035" 3.19+031™

4min  0.00+0.00% 0.00+0.00" 0.67+1.15* 133+1.15" 149+131" 220+0.35" 3.10+0.13™

“*Means within a row which do not have a common superscript letter, are significantly different (p < 0.05)
"®Means within a column which do not have a common superscript letter, are significantly different (p < 0.05)

Microbial growth increased gradually from day 0 to 15 in all samples. Throughout the storage period, coated FCP
samples consistently exhibited significantly lower (p < 0.05) TPC and YMC values. By day 15, there was a notably
30% reduction in TPC and a 40% reduction in YMC in the coated samples (4 min) compared to the uncoated samples.
The TPC in the control sample reached 6 log CFU/g by day 8 of storage. According to the regulation by European
Commission Regulation 2073/2005, the TPC and YMC of fresh-cut produces should be below the maximum tolerance
limits of 7 log CFU/g and 5 log CFU/g, respectively [63]. For the coated FCP, the maximum TPC and YMC were 6.15
and 3.19 log CFU/g, which were below the threshold. The antimicrobial effect of the coating can be attributed to the
presence of phenolic compounds in PPE, such as chlorogenic acid, epicatechin, and ellagic acid [64, 65], along with
antifungal compounds such as gallic acid and punicalagin [66, 67]. However, the storage and analyses were terminated
due to visible mould growth on all samples (Figure 6).

Several studies have explored the postharvest shelf life extension in fruits and vegetables using antimicrobial
coating. Chitosan films incorporated with PPE (10 g/L) have demonstrated effective antibacterial activity against
Staphylococcus aureus and Escherichia coli [68]. In another study, Basumatary et al. [11] demonstrated that chitosan
coating incorporating eugenol and aloe vera gel preserved the quality and overall acceptability of whole pineapples for
up to 20 days under ambient storage conditions, compared to control samples which exhibited signs of fruit rot by day
12. While chitosan is commonly used in the development of edible coatings due to its antimicrobial properties, it is only
soluble in acids [11, 69], potentially affecting the taste of the fruits. The results suggest that PPE-SPI coating shows
promising potential as an antimicrobial and antioxidant edible coating to replace synthetic preservatives in maintaining
pineapple quality during storage.

4. Conclusion

In this study, the application of PPE-SPI coating demonstrated significant improvements in the quality and shelf
life FCP during chilled storage. The coating effectively prolonged the shelf life to 10 days, surpassing the unacceptable
quality threshold observed in uncoated control samples by day 7. Samples coated with a 4-minute dipping time exhibited
the least variation in pH, titratable acidity (TA), firmness, weight loss, and browning (Figure 7), indicating delayed
senescence and improved preservation. The reduced weight loss and maintained firmness were likely due to the moisture
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barrier properties of the PPE-SPI coating, which delayed water loss and mitigated cellular degradation. The antioxidant
activity of PPE contributed to the slower increase in pH and sustained TA levels, which, in turn, inhibited microbial
proliferation. The antimicrobial activities of the PPE-SPI coating were evidenced by significant (p < 0.05) reductions
in total plate count and yeast and mould counts, by 30% and 40%, respectively, compared to uncoated samples. Future
studies should include sensory evaluations to assess consumer acceptance and further validate the practical applicability
of this coating. In conclusion, the PPE-SPI coating represents a promising and sustainable alternative to synthetic
preservatives, effectively extending the shelf life of fresh-cut fruits while reducing packaging waste.
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Figure 7. A summary of the study
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