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A significant portion of globally produced fruits are lost between the farmer and consumer, necessitating solutions like natural
edible coatings for preservation due to their low cost and less toxicity. This study aimed to assess whether the combination of
macadamia nut oil and chitosan posed synergistic effects on physicochemical properties of tomato fruits or the macadamia nut oil
alone. A completely randomized design (CRD) with eight treatments was employed: S1 (control), S2-S4 (combined macadamia
nut oil and chitosan coating), S5-S7 (macadamia nut oil coating), and S8 (chitosan). The experimental setup was conducted over
20 days at refrigeration (4°C) and postharvest shed conditions (23.8°C-30°C, 65.8%-97.5% RH). The coating solution made up of
a combination of 2.5% v/v macadamia nut oil and 1% w/v chitosan showed significant differences (p <0.05) in slowing down the
changes in pH from 3.95 to 4.3, total chlorophyll content from 0.19 mg/100 to 0.12 mg/100 mL, and lipid peroxidation from 13.5 to
19.71 meq/kg. Moreover, coating solutions made by macadamia nut oil alone, especially with 1% v/v, showed the smallest
increases in total soluble solids (TSS) and total sugar content, and also they exhibited the smallest decreases in titratable acidity
(0.64 to 0.08 g/L), ripening index (5.78 to 84.74), total carotenoids (17.02 to 24.585 pg/g), and firmness (355 N to 130 N).
Comparative analysis indicated that 1% v/v macadamia nut oil had higher mean differences (p < 0.05) for most physicochemical
parameters than coating solutions comprising 2.5% v/v macadamia nut oil and 1% w/v chitosan. However, this finding highlighted
that the combination of macadamia nut oil with chitosan offers a synergistic effect on specific crucial parameters (pH, total
chlorophyll content, and lipid peroxidation) compared to macadamia nut oil alone. Further studies could investigate the an-
timicrobial effect of tomatoes treated with a combination of macadamia nut oil and chitosan.
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1. Introduction

Climacteric fruits, such as apples (Malus domesticus), ba-
nanas (Musa spp.), and tomatoes (Solanum lycopersicum),
undergo a significant increase in respiration and ethylene
production as they ripen, which makes them particularly
susceptible to postharvest losses [1]. Effective postharvest
management and loss mitigation strategies are crucial for
extending their shelf life and preserving quality. Techniques
like controlled atmosphere storage, refrigeration, and the
application of ethylene inhibitors can significantly reduce

these losses [2]. By implementing these strategies, the ag-
ricultural sector can enhance the availability of fresh pro-
duce, reduce food waste, and improve economic outcomes
for growers and retailers alike. Recent data indicate that
approximately 20%-40% of tomatoes (S. lycopersicum) ex-
perience postharvest losses in Tanzania [3, 4]. Significant
postharvest losses in tomatoes result from quality de-
terioration driven by moisture loss, microbial spoilage,
respiration, and enzymatic activity [4].

Consequently, there has been a recently growing demand
for alternative preservation methods that are environmentally



friendly, economically viable, and socially acceptable for
managing tomato value chains. Several studies have shown the
use of natural products, such as the application of 1% w/v
chitosan (ch) and 1% v/v Aloe vera gel that extended the shelf
life of tomato fruits up to 42 days at room temperature [5];
Citrus sinensis essential oil that delayed the growth of fungi
and extended the shelf life up to 8days of storage [6]; the
application of Neem extract (Azadirachta indica) on tomato
fruits, which maintained the physicochemical parameters up
to 20days [7]; and Opuntia oligocantha and grape extracts
(Vitis vinifera) [8], which efficiently extended the shelf life and
maintained the quality of tomatoes. The performance of the
extracts is highly associated with the presence of phyto-
chemicals such as tannins, saponins, flavonoids, tocopherol,
and phenolic compounds [9]. Phytochemicals have been
shown to play a significant role in preserving the firmness and
physicochemical properties of tomato fruits through various
biochemical mechanisms. These mechanisms include the
inhibition of cell wall-degrading enzymes such as poly-
galacturonase and pectin methylesterase, which are re-
sponsible for the softening of fruit tissue [10]. By limiting the
activity of these enzymes, phytochemicals such as beeswax
and salicylic acid maintain the structural integrity of the cell
walls, thereby preserving fruit firmness [11]. Additionally,
phytochemicals such as rosemary extract (Rosmarinus offi-
cinalis L.) contain compounds like rosmarinic acid and car-
nosic acid, known for their antimicrobial and antioxidant
effects [12]. Neem extract, abundant in azadirachtin and other
triterpenoids, provides antimicrobial properties that protect
against spoilage [13]. Aloe vera extract contains a rich mix of
polysaccharides, phenolic compounds, and other bioactive
substances, which has been found to effectively reduce the rate
of respiration and ethylene production in tomatoes [14].
ch, a natural polysaccharide derived from chitin, has gained
significant attention in postharvest preservation due to its
unique properties. Its antimicrobial activity arises from the
interaction between its positively charged amino groups
(NH,") and the negatively charged carboxylate groups (COO™)
on bacterial cell membranes. This electrostatic attraction dis-
rupts the membrane and inhibits microbial growth. [15]. ch is
a cost-effective and sustainable material. Its widespread
availability and low production costs further enhance its
economic viability for large-scale agricultural applications.
Additionally, ch forms a semipermeable film on the fruit
surface, which reduces respiration rates, moisture loss, and
oxidative stress, thereby extending shelf life. Its compatibility
with other natural compounds, such as Aloe vera and citric
acid, has been demonstrated in various studies, showing en-
hanced preservation efficacy when used in composite coatings.
For instance, a combination of ch and Aloe vera in a ratio of 1:
10 has been effective in delaying the decay rate and maintaining
the physicochemical parameters of mangoes (Mangifera ind-
ica) for up to 28 days [16]. Similarly, a formulation containing
30% Aloe vera and 1.5% ch has been shown to preserve an-
tioxidant enzymes in peaches (Prunus persica L.) for 36 days
[17]. Additionally, the incorporation of 1% CMC into 30% Aloe
vera gel has been found to extend properties such as weight
retention and color preservation in cucumbers (Cucumis sat-
ivus) for up to 20days [18]. These findings highlight the

Journal of Food Quality

versatility and potential for synergistic applications of these
natural compounds in postharvest preservation.

Macadamia nut oil (mo), derived from Macadamia
integrifolia, is another promising natural preservative. mo,
though relatively more expensive, is increasingly accessible
due to the growing cultivation of macadamia nuts in Tan-
zanian regions. The oil’s extraction process can be integrated
into existing agricultural value chains, providing an additional
revenue stream for farmers while reducing postharvest losses.
It is rich in bioactive compounds such as fatty acids, to-
copherols, squalene, flavonoids, and phenolic compounds; it
offers both antimicrobial and antioxidant properties [19].
These compounds help scavenge free radicals, inhibit lipid
peroxidation, and prevent microbial spoilage, thereby
maintaining the physicochemical properties of fruits. Studies
have shown that a 1% v/v concentration of mo effectively
preserves the antioxidant activity, weight, color, and phenolic
content of tomatoes [13]. Its hydrophobic nature also provides
a barrier against moisture loss, which is critical for main-
taining fruit firmness and quality during storage.

The independent roles of ch and mo in postharvest
preservation highlight their complementary mechanisms. ch
provides structural integrity and antimicrobial protection [20],
while mo offers antioxidant activity and a moisture barrier [21].
Their combined use could potentially create a synergistic effect,
enhancing the preservation of fruits by addressing multiple
causes of postharvest deterioration simultaneously. This syn-
ergy could be particularly beneficial for tomatoes, which are
highly susceptible to moisture loss, microbial spoilage, and
oxidative stress during storage.

Further investigation of synergistic effects of other edible
coatings is of paramount importance. However, to our
knowledge, there is no literature reporting the synergistic
effect of ch when incorporated with mo on physicochemical
properties of tomatoes. The purpose of the present study was
to evaluate the effect of ch coating combined with mo on
physicochemical properties of tomatoes during refrigeration
and postharvest shed storage.

The simplicity of dipping application methods used in
this study supports scalability, making it accessible to both
smallholder farmers and large-scale producers. This ap-
proach aligns with global trends toward sustainable agri-
culture by reducing reliance on synthetic chemicals and
minimizing postharvest losses, thereby improving economic
outcomes for farmers, enhancing food security, and en-
suring a consistent supply of high-quality produce to con-
sumers. Additionally, the use of locally available materials
like mo promotes circular economies and fosters local in-
dustries. The findings are expected to provide sustainable
solutions for postharvest preservation, mitigate climate
change impacts caused by postharvest losses, and advance
environmentally friendly agricultural practices.

2. Materials and Methods

2.1. Collection of Macadamia Nuts and Oil Extraction.
The macadamia nuts were collected at the horticultural unit
of Sokoine University of Agriculture, Tanzania (37°39'47" E,
6° 50'48" S). The extraction of oil from macadamia nuts
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using petroleum ether (Sigma-Aldrich, United States) at
80°C was performed with the Soxhlet extraction method
[22]. Briefly, macadamia nuts were finely ground using
a blender (Mister Chef 2200W, Amazon) so as to increase
the surface area for oil extraction. The macadamia nut
powder was placed in a thimble, which was then inserted
into the main chamber of the Soxhlet extractor. The pe-
troleum ether was heated to ensure the solvent’s vapor-
ization following condensation. This process was repeated
for 9h to ensure exhaustive extraction of the oil from the
macadamia nuts. After the extraction process, the petroleum
ether—oil mixture was separated by evaporating the solvent
using a rotary evaporator (BUCHI Rotavapor R-205, Mar-
shall Scientific, USA), leaving behind the pure mo. The yield
of the oil was then stored under refrigeration temperature
(4°C) for further study.

2.2. Preparation of Coating Solution. The mo and ch used to
prepare the coating solutions were obtained from specific
suppliers to ensure quality and consistency. ch was com-
mercial and purchased from Yixing Clean Water Chemicals
Co., Ltd., China, while glacial acetic acid for dissolving the ch
was sourced from Merck India Ltd. Three primary con-
centrations of mo, which was extracted from locally sourced
macadamia nuts, were prepared at 1% v/v, 2% v/v, and 2.5%
v/v. The chosen mo gradient was based on preliminary trials
identifying the optimal balance between barrier efficacy and
fruit biocompatibility. This range maximizes oil’s protective
properties while avoiding the negative effects of higher
concentrations (>~2.5%), which disrupt film formation,
reduce adhesion, and risk impeding fruit respiration. For the
ch solution, a 1% w/v concentration was achieved by dis-
solving 1 g of ch in 100 mL of distilled water and adjusting
the pH to around 5.0 using 1% v/v acetic acid, which en-
hanced its solubility as reported in other studies [23, 24].
Each concentration of mo was then mixed with the 1% w/v
ch solution to create a series of coating formulations in
a total volume of 100 mL. These formulations included
combinations of mo (denoted “mo”) and ch (denoted “ch”)
in varying proportions: “1% v/v mo + 1% w/v ch,” “2% v/v
mo + 1% w/v ch,” and “2.5% v/v mo + 1% w/v ch,” alongside
controls of each mo concentration without ch. Furthermore,
this study also included a coating formulation with 1% w/v
ch.

To improve coating properties, each formulation was
supplemented with 2mL of 2% v/v glycerol (CAS 56-81-5,
137028, Merck, Germany) as a plasticizer, enhancing the
coating’s flexibility. An antioxidant component, ascorbic
acid (2% w/v from Foodchem, China), was incorporated to
prevent oxidation of mo during storage and application.
Furthermore, 3% w/v carboxymethyl cellulose (CHEBI:
85146, Sigma-Aldrich, USA) was used as a thickening agent,
dissolved in water, and added to the oil-ch blend to ensure
improved viscosity and ease of application. Calcium chloride
(= 97% anhydrous powder from Sigma-Aldrich, USA) was
added at a 1% w/v concentration to stabilize the formulation
and prevent ch precipitation. The final mixture was thor-
oughly blended with a probe-type ultrasonicator (50-400 W,

Hielscher, Germany) until a uniform emulsion formed,
ensuring stability. The prepared coatings were pasteurized at
75°C for 15min using a water bath (Model WB-15,
INDIAMART, India), cooled, labeled, and stored in airtight
containers for subsequent testing. This meticulous prepa-
ration ensured that the coating formulations were suitable
for further experiments.

2.3. Coatings of Fresh Tomatoes. A total of 240 uniform
tomato fruits (Assila F1 variety) were selected from a harvest
at Mazimbu farm in Morogoro Municipal, Tanzania, based
on physiological maturity, color, and the absence of blem-
ishes or fungal infections. After washing the fruits with
distilled water and allowing them to drain for 30 min, the
tomatoes were divided into experimental groups. For each
storage condition, the 120 tomatoes were allocated into eight
treatment groups: uncoated control, 1% ch only, and the six
macadamia oil-ch combinations and oil-only controls de-
scribed in Section 2.2. Each group for both storage condi-
tions consisted of 15 tomato fruits, which were dipped in the
edible coating solution for 15min, ensuring even coating.
Excess coating solution was drained off before storage.
Two storage conditions were used for postharvest quality
monitoring: refrigeration at 4°C, 97% RH (relative humidity)
and ambient postharvest shed conditions
(23.8°C-30°C £ 1°C, 65.8%-97.5% + 1% RH), with physico-
chemical quality assessments such as pH, total soluble solids
(TSS), titratable acidity (T'A), ripening index (TSS/TA), total
sugar content, lipid peroxidation, total chlorophyll, and
carotenoid content that were conducted at 5-day intervals
over 20days so as to evaluate the significant changes in
physicochemical qualities that occurred over time [25, 26].
The experimental setup included three independent repli-
cates per treatment. For each replicate of a given treatment,
the group of 15 fruits was subdivided into five subgroups of 3
fruits, each assigned to one of the five destructive sampling
time points (Days 0, 5, 10, 15, and 20). This resulted in three
data points (n = 3) for each treatment at each time point. The
experimental setup included both coated and uncoated
tomatoes, with three replicates for each treatment to
strengthen the study’s statistical power and validity.

2.4. Analysis of Physicochemical Quality Parameters of Treated
Tomato Fruits

24.1. TSS, pH, and TA. The pH value was measured
according to the method described in the literature [27]
using a digital pH meter (Jenway Model 3305, UniG-
reenScheme, UK). The pH was firstly calibrated using
standard buffer solutions of pH 7.0. The TSS content of
treated tomato fruits was measured using a portable digital
refractometer (PAL-1, ATAGO Co. Ltd., Japan) at 20°C and
expressed as “Brix. The refractometer was standardized using
distilled water (0°Brix) before measuring the °Brix of the
samples. The TSS to TA ratio (TSS/TA) was also calculated
to determine the balance between sweetness and acidity,
which is a key factor in the sensory quality of the tomato
fruits. TA was measured by the titration method according
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to the procedure described in the literature [28]; the result
was expressed as grams of citric acid per 100g of fresh
tomato weight. The calculation of TA was based on the the
following formula:

N x (Vt = Vb)xVT x Eqv.wt X100

titratable acidity (% TA) =
W x 1000

>

(1)

whereby Eqv. wt = equivalent weight and N = Concentration
in Normality of NaOH. Vt=Volume of NaOH used for
sample titration. Vb =Volume of NaOH used for blank ti-
tration. VT =total volume of sample solution made.
W = weight or volume of analytical sample. 100 = conversion
factor per 100 g (%). 1000 = conversion factor from mg/L to
g/100 mg.

chlorophyll "a
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2.4.2. Total Chlorophyll and Carotenoid Contents. The total
chlorophyll and carotenoid content was determined by
a spectrophotometric method as described by other scholars
[29]. Briefly, three tomato fruits from each treatment were
ground separately using a blender (Mister Chef/2200W,
Amazon) to obtain tomato slurry. Two grams of tomato
slurry from each treatment was homogenized with 25 mL of
an acetone-hexane mixture (2:3) using a homogenizer
(UIP1000hdT, Hielscher, Germany) for 2min. Then the
mixture was centrifuged (Thermo Fisher Scientific Inc.,
USA) at 25°C with a revolution of 1000 rpm for 10 min, and
then the absorbance spectrum of each supernatant was
measured using a UV-Vis spectrophotometer (Double beam
model, X-ma3000 spectrophotometer, Human Corporation,
England) at 663 nm, 645 nm, and 470 nm for chlorophyll a,
b, and carotenoid, respectively. Equations (4) and (5) were
used to quantify total chlorophyll and carotenoid content.

n_n % — 127(OD663) - 269 (OD645) (2)
g weight of the sample
chlorophyll "y mg — 22.9 (QD645) -2.69 (OD663) 3)
g weight of the sample
total chlorophyll (a + b) = ZO'Z(OD_MS) +8.02(ODqg;) @
weight of sample
(5)

carotenoids <%) _ 1000 (OD,,) — 3.27 (chlorophyll A) — 104 (chlorophyll B)’

where OD = optical density (actual absorbance).

2.4.3. Lipid Peroxidation. Lipid peroxidation was measured
by iodometric titration as described in previous studies [30].
Briefly, a 1 g sample was weighed into a 100 mL Erlenmeyer
flask and dissolved in the solvent mixture (30 mL) made by
(3:2) glacial acetic acid (CAS Number: 64-19-7, Merck
Millipore, US) and chloroform (Emerald Scientific, Cal-
ifornia). Then, 0.5mL of a potassium iodide solution was
added, and the mixture was stirred for 60s. Subsequently,
30mL of distilled water was added and titrated with 0.01 N
sodium thiosulfate by using the starch indicator to an
equivalent point as per the chemistry M11 laboratory
manual.

2.4.4. Total Sugar Content. The quantification of sugar
content was conducted using a modified spectrophotometric
method as modified in a previous study [31]. Briefly, 0.25 g of
tomato slurry was added to distilled water to make a total
volume of 100, and a 2mL portion of the solution was
diluted to 100mL and then filtered through filter paper
(Whatman No. 1). A 1mL portion of the diluted solution
was mixed with 1mL of 5% v/v phenol and 1.0mL of
distilled water for 1 min to allow reactions to take place.
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Subsequently, 5.0 mL of concentrated H,SO, was added and
shaken for 3 min. After the mixture settled down for 30 min,
the resulting solution was allowed to cool for 20 min, and the
absorbance was measured using a UV-Vis spectropho-
tometer at 490 nm. The blank sample was prepared using the
same procedure, then analyzed to trace the source of in-
troduced contamination.

2.4.5. Measurement of the Firmness of Fresh Tomato Fruits.
The firmness (N) of fresh tomato fruits was determined by
the texture profile analysis method with a texture analyzer
(Model CT3 10K, Brookfield Engineering Laboratories,
USA). The analysis was conducted using a two-bite com-
pression test, employing a cylinder probe with a 2 g trigger
force. The test involved a 10 mm deformation and was
performed at a speed of 10 mm/s. The results of the test were
displayed and recorded for further analysis.

2.5. Statistical Analysis. The randomized design with two
factorials was conducted in this study, and the variables used
were coating solutions and storage time as independent
variables, while the dependent variables were lipid perox-
idation, pH, TA, TSS, TSS/TA, total sugar content, total
chlorophyll and carotenoids content, and texture. The data
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obtained were tested for normality and homogeneity using
the Kolmogorov-Smirnov test and the Shapiro test to de-
termine the parametric and nonparametric tests. From this
study, all data were found to be normally distributed (KS
value >0.05). Due to the presence of two categorical in-
dependent variables, data were subjected to two-way analysis
of variance (ANOVA) on SPSS Version 25 at (p<0.05).
From these findings, all parameters showed significant
differences; therefore, post hoc analysis using the least
significant difference (LSD) was employed to determine
which formulation(s) were significantly different from
each other.

3. Results and Discussion

3.1. pH. The results of pH changes of tomatoes that were
monitored over 20 days were depicted in Figures 1(a) and
1(b). The different concentrations of coating solutions
showed that significantly (p <0.05) influenced the pH of
tomato fruits. The formulations consisting of the combi-
nation of mo and ch with 2.5% v/v mo and 1% w/v ch had
significant lowest changes in pH of tomatoes (p <0.05)
compared to all other treatments for both storage condi-
tions throughout the entire 20 days. In the postharvest
shed, the pH of tomatoes started at 4.1 on the 5th day and
gradually increased to 4.35 on the 20th day. In the re-
frigeration condition, the pH of tomato fruits was 3.95 on
the 5th day and increased slightly to 4.3 on the 20th day. In
contrast, the formulations with only mo 1% v/v also
showed the smallest increases in pH of tomato fruits under
both conditions. The treatment showed the higher
pH changes of tomato fruits along 20 days in both con-
ditions. The pH of tomato fruits stored under a postharvest
shed also changed from 4.15 on the 5th day to 4.65 on the
20th day, while for tomatoes stored under refrigeration,
their pH also changed from 4.15 on the 5th day to 4.45 on
the 20th day. Thus, this showed the synergistic effects of
treatment made by 2.5% v/v mo and 1% v/v ch over the
coating solution made by only mo.

Generally, the acidic nature of fruits is determined by
free hydrogen ions that can be associated with respiration
[32]. The higher pH value of tomatoes implies higher
ripening, and such fruits are likely to be vulnerable to
pathogens due to decreases in the acid medium. The finding
from this study implies the effectiveness of ch as a pre-
servative, and this could be due to buffering capacity en-
hanced by ch in lowering the pH [33]. The change in the
acid is likely to be associated with the formation of
a protective organic layer that reduces the respiration rate
and degradation of organic acids in the tomatoes [34].
Similar findings were previously reported whereby essen-
tial oils from sweet basil (Ocimum basilicum) maintained
the pH of tomatoes [35]. Thus, the presence of fatty acids
such as oleic oil in mo and film formed by ch could form
a barrier for gas exchanges into the inner atmosphere of the
tomato fruit. Moreover, Aloe vera coatings have been
shown to reduce pH changes and extend shelf life by
forming a semipermeable barrier that limits gas exchange,
similar to the effects observed with ch and mo. This could

be due to the presence of ch’s positively charged amino
groups that interact with negatively charged microbial cell
membranes, disrupting their integrity. By reducing mi-
crobial activity, ch minimizes the breakdown of organic
acids and other compounds that contribute to pH changes.
Wax-based coatings, on the other hand, often provide
a more rigid barrier but may lack the antimicrobial and
antioxidant properties of ch and mo.

3.2. TA. The changes in TA of tomato samples stored under
refrigeration and shed conditions over a 20-day period are
shown in Figures 2(a) and 2(b). The formulations used in this
study exhibited a significant effect on TA changes (p < 0.05) in
tomato fruits. Under both storage conditions, the coating
solution containing mo with 1% v/v resulted in the highest TA
levels of the tomato fruits (p < 0.001) throughout the 20-day
storage period. For tomatoes stored under postharvest shed
conditions, the TA ranged from 0.64 g/L on Day 5 to 0.13 g/L
on Day 20, while under refrigeration, the TA ranged from
0.52 g/L on Day 5 to 0.08 g/L on Day 20. In contrast, tomatoes
coated with 2.5% v/v mo and 1% w/v ch exhibited lower TA
levels. For postharvest shed storage, the TA ranged from
0.455g/L on Day 5 to 0.05g/L on Day 20, while under re-
frigeration, the TA decreased from 0.51 g/L on Day 5 to 0.03 g/L
on Day 20. This indicates that ch formulations, whether alone
or combined with mo, resulted in a greater decrease in TA
compared to mo alone, suggesting that mo is more effective in
maintaining the TA of tomatoes.

The mo comprises the oleic acid, which inhibits the
activity of ethylene gas, thereby slowing down the ripening
of tomatoes. Higher TA observed in this study implies less
degradation of organic acid (substrate of respiration) and
a lower pH that provides the acidic medium for the defense
mechanism of fruit against microbial attack [36]. On the
contrary, the lowest TA implies the high respiration rate and
ripening, and such fruit is prone to deterioration due to
vulnerability from microbes [37].

Moreover, the plant extracts like banana peel and neem that
were used as fruit preservatives contain phenolic compounds
with hydroxyl groups (-OH) that play a key role in preserving
TA [38]. These ~-OH groups act as antioxidants by donating
hydrogen atoms (H") to neutralize free radicals, thereby re-
ducing oxidative stress and preventing the degradation of or-
ganic acids. Additionally, the ~-OH groups can inhibit enzymes
like polyphenol oxidase (PPO) and peroxidase (POD), which
are involved in the breakdown of organic acids [39]. While this
established mechanism is supported by our results, our findings
specifically advance the understanding of mo as a novel edible
coating component. By binding to these enzymes, plant extracts
slow down the degradation process, helping to maintain the
fruit’s acidity. Furthermore, the -OH groups contribute to the
buffering capacity of the coating, stabilizing the pH and creating
an environment that favors the preservation of organic acids.
The observed results match those observed in our study since
mo contains oleic acid and other fatty acids with ~-OH groups,
which provide antioxidant activity and form a hydrophobic
barrier on the fruit surface. This barrier could reduce the oxygen
penetration, slowing down the oxidative degradation of organic
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0Oth 5th 10th 15th 20th
Storage time (days)

I Contr B 1% mo + 1% ch
W 1% mo W 2% mo + 1% ch
W 2% mo W 2.5% mo + 1% ch
E 2.5% mo

(a)

Oth 5th 10th 15th 20th

Storage time (days)

@ Contr E 1% mo + 1% ch
B 1% mo W 2% mo + 1% ch
W 2% mo W 2.5% mo + 1% ch
E 2.5% mo

()

FIGURE I: (a, b): Effect of macadamia nut oil (mo) and chitosan (ch) formulations on pH value of tomatoes along 20 days stored at (a)
postharvest shed and (b) refrigeration. Vertical bars show + percentage error of means for three replicates. Different letters on the same
storage day imply significant differences (p <0.05) among formulations.

acids. ch, on the other hand, contains amino groups (-NH,) 3.3. TSS. The changes in TSS of tomato samples stored under
that protonate to -NH;" in acidic environments, offering  refrigeration and shed conditions over 20 days were depicted in
buffering capacity to stabilize pH. It also forms a semipermeable ~ Figures 3(a) and 3(b). The findings showed that the 1% v/v mo
film that limits gas exchange (O, and CO,), reducing respiration ~ treatment led to a significantly minimum TSS value (p < 0.05)
rates and the breakdown of organic acids. of tomato fruits along storage days in both storage conditions.
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FIGURE 2: (a, b): Effect of macadamia nut oil (mo) and chitosan (ch) formulations on titratable acidity value of tomatoes along 20 days stored
at (a) postharvest shed and (b) refrigeration. Vertical bars show + percentage error of means for three replicates. Different letters on the same
storage day imply significant differences (p <0.05) between formulations.

The sample of tomatoes treated with 1% v/vmo exhibited the  refrigeration condition, the TSS varied from 3.5 “Brix on the 5th
lowest TSS, ranging from 3.55 “Brix on the 5th day to 4.16 “Brix ~ day to 4.75 “Brix on the 20th day. The tomatoes treated with
on the 20th day under the shed condition, while under the = combined formulations of mo and ch showed higher TSS
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FIGURE 3: (a, b): Effect of macadamia nut oil (mo) and chitosan (ch) formulations on TSS value of tomatoes along 20 days stored at (a)
postharvest shed and (b) refrigeration. Vertical bars show + percentage error of means for three replicates. Different letters on the same
storage day imply significant differences (p <0.05) among formulations.

valuess* throughout the storage days. This indicates that 1% This result aligns with the findings from previous studies
v/v mo alone was more effective in maintaining lower TSS levels concerning apricot jam (Prunus armeniaca) [40] that
compared to formulations containing 1% ch or the combination =~ showed an increase in TSS along the storage time. Another
of mo and ch. study supports this, as TSS increased along the storage time,
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and application of ch diminished the elevation of TSS and
maintained it for up to 30 days [41]. These recent findings
reveal the superior efficacy of mo alone. The preservation
observed was possibly attributed to the presence of to-
copherol in the oil, which inhibits metabolic reactions within
the tomato fruits. Consequently, the inhibition minimizes
the conversion of polymeric compounds like poly-
saccharides into simpler sugar forms. Soluble solids in fruits
primarily encompass sugars and a minor proportion of
amino acids, organic acids, vitamins, and minerals [42]. mo
is rich in fatty acids like oleic and palmitoleic acid, which
confer antioxidant properties that reduce oxidative stress
and slow the breakdown of sugars and organic acids [43].
Furthermore, these compounds form a semipermeable
barrier on the fruit surface, limiting oxygen availability and
reducing respiration rates. Therefore, this study advances the
application of edible coatings by identifying a novel, lipid-
based coating that outperforms a common biopolymer (ch)
in maintaining TSS stability. This suggests a dual mechanism
of action, both biochemical and physical barrier, by pro-
viding a more effective method for delaying postharvest
senescence through metabolic inhibition.

3.4. TSS/TA. The formulations of coating solution made by
mo alone and its combination have significantly (p <0.05)
lowered the TSS/TA of tomatoes compared to uncoated
tomatoes, as illustrated in Figures 4(a) and 4(b). The study
showed that the utilization of 1% v/v mo treatment resulted
in the lowest value of the TSS/TA of tomato fruits across
both storage conditions (postharvest shed and refrigeration)
throughout the 20-day storage time. The value observed
ranged from 5.78 on the 5th day to 79.54 on the 20th day and
6.96 on the 5th day to 84.74 on the 20th day at refrigeration
and shed conditions, respectively. The observed TSS/TA
differences between refrigeration and postharvest shed at the
20th day are depicted in Figures 5(a) and 5(b). Tomato fruits
treated with coating solutions comprising 2% v/v mo and 1%
w/v ch recorded significantly higher TSS/TA values. On the
postharvest shed, the value ranged from 13.8 on the 5th day
to 264.7 on the 20th day. This finding highlights that mo
alone performs better in slowing down the ripening of to-
matoes than when it is in combination with ch or ch alone.

The TSS/TA in fruit postharvest handling determines
ethylene production, fruit acidity, and starch and sugar
content changes. The higher the TSS/TA value, the higher
the respiration rate that deteriorates the qualities of toma-
toes [44]. The application of mo introduces chemical
compounds, such as oleic acid, which display inhibitory
effects on microbial activity. This inhibition arises from the
interaction of these compounds with bacterial cell mem-
branes [45]. This interaction disrupts the electron transport
chain related to respiration, subsequently blocking enzyme
activity within bacterial cells [46]. This phenomenon can
potentially be attributed to the influence of a protective oil
layer on the tomato’s surface. This layer likely hinders the
exchange of respiratory gases, thereby reducing the enzy-
matic conversion of polysaccharides into simple sugars,
thereby raising the TSS value [47]. In contrast, a lower TSS/

TA value indicates diminished TSS content, potentially due
to reduced respiration rate. Consequently, this implies an
extended shelf life for the tomatoes. Similar results reported
concerning the gum arabic edible coating have delayed
ripening and maintained the quality of persimmon
fruits [48].

The TSS/TA, which reflects ethylene production, acidity,
and sugar content changes, is a critical parameter in post-
harvest quality management. Higher TSS/TA values cor-
relate with increased respiration rates, leading to the
deterioration of tomato quality. The application of mo in-
troduces compounds like oleic acid, which exhibit inhibitory
effects on microbial activity by disrupting bacterial cell
membranes and interfering with the electron transport
chain, thereby blocking enzyme activity [45, 46]. This an-
timicrobial action, combined with the formation of a pro-
tective oil layer on the tomato surface, likely reduces gas
exchange, slowing the enzymatic conversion of poly-
saccharides into simple sugars and moderating TSS levels
[47]. Alower TSS/TA ratio indicates reduced respiration and
extended shelf life, aligning with findings from other edible
coatings like gum arabic, which delays ripening in per-
simmon fruits [48]. Comparatively, Aloe vera coatings re-
duce respiration rates and ethylene production through
polysaccharide-based barriers but lack the active antimi-
crobial properties of mo-ch coatings. Wax-based coatings,
while effective at forming hydrophobic barriers, do not
inherently possess antioxidant or antimicrobial function-
alities unless supplemented with additives. mo provides
a superior hydrophobic barrier and intrinsic antimicrobial
activity via its fatty acid profile. The superior performance of
mo alone over the mo-ch combination indicates that the
optimal coating formulation is not always a complex
composite. Specifically, for modulating the ripening-related
metabolism in tomatoes, a simple, well-formulated lipid
layer can be more effective than a composite that may alter
the fruit’s gas exchange environment less efficiently. At the
molecular level, the interactions between mo and ch enhance
their synergistic effects: ch’s cationic nature disrupts mi-
crobial membranes, while mo’s fatty acids inhibit enzyme
activity, creating a dual-action antimicrobial mechanism.
Additionally, ch scavenges water-soluble free radicals, and
mo neutralizes lipid-soluble radicals, providing robust an-
tioxidant protection. These interactions, along with the
optimized formulation of 1% mo, highlight the coating’s
superior ability to maintain fruit quality compared to other
edible coatings, offering a sustainable solution for extending
shelf life and preserving nutritional value.

3.5. Total Chlorophyll and Carotenoid Contents. The changes
of total chlorophyll content of tomato samples held under
refrigeration and shed conditions throughout a 20-day
period are shown in Figures 6(a;) and 6(b,). The treat-
ment consisting of 2.5% v/v mo combined with 1% w/v ch
showed the highest chlorophyll content of tomatoes under
both storage conditions throughout the entire 2 days. On
the 5th day of storage, the 2.5% v/v mo+ 1% w/v ch
exhibited the highest total chlorophyll content of tomatoes,
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FIGURE 4: (a, b): Effect of macadamia nut oil (mo) and chitosan (ch) formulations on ripening index value of tomatoes along 20 days stored
at (a) postharvest shed and (b) refrigeration. Vertical bars show + percentage error of means for three replicates. Different letters on the same
storage day imply significant differences (p <0.05) among formulations.

measuring 0.19 and 0.12mg/100 mL for shed and re-
frigeration conditions, respectively. On the 15th day of
storage, the values read 0.035 and 0.04 mg/100 mL for the
shed and refrigeration conditions, respectively. The to-
matoes treated with 2.5% v/v mo had significantly lower
total chlorophyll content on the 20th day; their values
observed were 0.017 mg/100 mL on the 5th day to 0.005 mg/
100 mL on the 15th day under the postharvest shed, while
the total chlorophyll content ranged from 0.05 mg/100 mL

on the 5th day to 0.01 mg/100 mL on the 20th day. This
showed the synergistic effect of mo when in combination
with ch. The higher reductions of total chlorophyll ob-
served on uncoated tomatoes were decreased values of 0.04,
0.0009, and 0.00001 mg/100 mL on the 5th, 10th, and 15th
days, respectively. Similarly, under refrigeration, the de-
creasing trends were observed as 0.12, 0.0004, and
0.0003mg/100mL on the 5th, 10th, and 15th days,
respectively.
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FIGURE 5: (a, b): Tomatoes’ appearance on the 20th day of storage for both (a) postharvest shed and (b) refrigeration conditions.

mo, with its rich fatty acid composition including oleic
acid, might function as an effective surface barrier for gas
exchanges. This leads to a slowdown in metabolic reactions.
Furthermore, the incorporation of 1% w/v ch into mo en-
hances this effect synergistically. ch can delay enzyme ac-
tivities, including those of chlorophyllase—an enzyme
responsible for catalyzing the conversion of chlorophyll to
chlorophyllide by eliminating the phytol side [49]. This study
is coherent with the reported finding that showed higher
chlorophyll content of tomatoes coated with edible coating
compared to the control [50].

Conversely, the decline in chlorophyll content corresponds
to a significant (p <0.05) increase in carotenoid pigments, as
presented in Figures 6(a,) and 6(b,). The uncoated tomatoes
exhibit significantly higher carotenoid content (p <0.05) than
other treatments under both storage conditions throughout the
20 days. Its value reads from 35.57 ug/g on the 5th day to
44.15pg/g on the 20th day for postharvest shed, while at re-
frigeration the values read 19.9 ug/g on the 5th day to 21.94 ug/
g on the 20th day. The treatment consisting of 1% v/v mo
demonstrated a significant lowest total carotenoid content
(p <0.05) compared to other treatments. The values range
from 16.04 ug/g on the 5th day to 27.53 pg/g on the 20th day

and 16.54 pg/g on the 5th day to 21.94 pg/g on the 20th day for
postharvest shed and refrigeration conditions, respectively.
Additionally, the highest total carotenoid content observed on
tomatoes treated by 2.5% v/v mo and 1% w/v ch stored under
postharvest shed and refrigeration conditions was 42.81 and
25.21 pug/g on the 20th day, respectively. This finding presents
a key advancement from prior edible coating research, which
typically notes a general rise in carotenoids during storage.
Crucially, we demonstrate that mo alone is uniquely effective at
suppressing the rapid conversion of chlorophyll to carotenoids,
thereby better preserving the fruit’s initial physiological state
compared to the composite coating. This increase in carotenoid
content in other treatments could be attributed to accelerated
metabolic reactions resulting in the conversion of total chlo-
rophyll content into beta carotenoids [51, 52].

3.6. Lipid Peroxidation. The synergistic effect of mo with ch
on the lipid peroxidation of tomatoes stored under shed and
refrigeration conditions is investigated in this current study.
The findings demonstrated that the use of mo and ch showed
significant differences (p<0.05) in lipid peroxidation be-
tween coated and uncoated tomatoes as depicted in
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FIGURE 6: (aj, by, a, & b,): Effect of macadamia nut oil (mo) and chitosan (ch) formulations on total chlorophyll and carotenoid value of
tomatoes along 20 days stored at (a) postharvest shed and (b) refrigeration. Vertical bars show + percentage error of means for three
replicates. Different letters on the same storage day imply significant differences (p < 0.05) among formulations.

Figure 7(a) and 7(b), respectively. The utilization of 2.5% v/v
mo and 1% w/v ch treatment had the lowest value of lipid
peroxidation across both storage conditions. The formula-
tion consisting of 2.5% v/v mo and 1% w/v ch exhibited the
significantly lowest lipid peroxidation, as the value read from
17.5 meq/kg on the 5th day to 24.44 meq/kg on the 20th day
at shed storage, while at refrigeration the value read
13.5 meq/kg on the 5th day to 19.71 meq/kg on the 20th day.
On the other hand, the 2% mo treatment yielded the highest
lipid peroxidation in comparison to other formulations. On
the 20th day their value reads 37.14 and 19.93 meq/kg for
both shed and refrigeration conditions, respectively. This
implies that there is a synergistic effect when MNO is
combined with ch compared with the oil alone. The control
sample resulted in substantially increased lipid peroxidation
since the value approached 55.415 and 25.835 meq/kg (20th

day) for postharvest shed and refrigeration, respectively,
thus highlighting the higher oxidation of untreated toma-
toes. A previous study done on rosemary and eucalyptus
extracts (Eucalyptus spp.) had effectively decreased the lipid
peroxidation of apple (M. domesticus) and pear fruits (Pyrus
pyrifolia) [53]. Also, this result indicated that the formu-
lation of 2.5% v/v mo and 1% w/v ch exhibited lower lipid
peroxidation than the other formulations. Using ch in-
tegrated with mo might induce antifungal properties and
activate the defense enzymes such as chitinase and chito-
sanase, which are associated with induced systemic re-
sistance of fruits against oxidation [54]. ch-coated fruits
maintain high anti-oxidative enzyme activities such as POD,
catalase (CAT), superoxide dismutase (SOD), and ascorbate
peroxidase (APX) activities [55]. These enzymes scavenge
overproduced reactive oxygen species (ROS) in tomatoes,
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retard peroxidation of membrane lipids, alleviate fruit ox-
idative stress, and therefore control senescence during
storage of tomatoes.

3.7. Total Sugar Level. The changes of total sugar level of
coated and uncoated tomato fruits are illustrated in
Figure 8(a), 8(b). The findings indicate that the application
of a 1% v/v mo treatment resulted in significantly lower
(p<0.05) total sugar levels of tomatoes under both storage
conditions throughout the entire 20-day storage duration.
The observed increase in total sugar content ranged from
30.375 mg/mL on the 5th day to 37.5 mg/mL on the 20th day
for postharvest shed, while the values recorded were
28.72 mg/mL on the 5th day to 60.2 mg/mL on the 20th day
for refrigeration condition. In addition, the formulation
made of a composite of 2% v/v mo and 1% w/v ch showed
the higher total sugar content throughout the storage
conditions. This value range is 29.95 to 71.285 mg/mL on the
20th day at the postharvest shed, while the value range is
from 39.96 mg/mL on the 5th day to 80.1 mg/mL on the 20th
day. This finding highlights that mo alone performs better in
slowing the conversion of polysaccharides into simple sugars
and is the more promising coating solution as compared to
when in combination with ch.

The gradual rise in total sugar content can be attributed
to the higher respiration rate, which facilitates the de-
composition of polysaccharides into simple sugars (oligo-
saccharides). This finding aligns with the study that applied
neem leaf extract, Aloe vera gel, and CaCl, formulations,
which delayed the rise in total sugar content of tomatoes
[56]. The mo contains oleic acid that forms a film layer on
the surface of tomatoes, thereby reducing the O, gas inside
the tomatoes and accumulating CO,. The elevated con-
centration of CO, imparts an inhibitory effect on auto-
induced ethylene production in climacteric fruits, as CO,
and ethylene compete for the same active sites [57].

The gradual rise in total sugar content, attributed to
higher respiration rates and polysaccharide breakdown,
was effectively delayed by mo, which forms a hydrophobic
film layer on the fruit surface. This reduces O, ingress and
accumulates CO,, inhibiting ethylene production,
a mechanism consistent with findings from other edible
coatings like Aloe vera gel and wax-based formulations.
However, mo’s oleic acid content provides additional
antioxidant and antimicrobial benefits, surpassing the
limitations of traditional wax coatings that lack bioactive
properties. When combined with ch, a biopolymer known
for its antimicrobial and antioxidant effects, the syner-
gistic interactions at the molecular level further enhance
the coating’s functionality. ch stabilizes the oil emulsion,
improves film cohesion, and scavenges ROS, while mo
reduces gas permeability and contributes lipophilic an-
tioxidants. Together, they create a dual mechanism for
ethylene inhibition and microbial control, offering
comprehensive protection against oxidative stress and
spoilage. These findings underscore the superiority of
combining mo and ch over standalone coatings, pro-
viding a promising strategy to extend the shelf life and
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maintain the physicochemical quality of tomatoes during
storage.

3.8. Firmness. The results of firmness of coated and un-
coated tomato fruits are depicted in Figures 9(a) and 9(b)
when stored under refrigeration and shed conditions over
20 days. The result showed a significant difference (p <0.05)
in firmness between the coated and uncoated tomatoes for
the 20-day storage period. These findings demonstrate that
the utilization of a 1% v/v mo treatment led to the slight
decreases in hardness across both storage conditions
throughout the entire 20-day storage duration. A coating
solution of 1% v/v mo showed the decrease of firmness from
355 N on the 5th day to 172.5 N on the 20th day for tomatoes
stored under a postharvest shed, while the value changes
from 241 N on the 5th day to 130 N on the 20th under
refrigeration temperature. Conversely, the combination of
2% v/v mo and 1% ch treatment yielded the lowest hardness
for both storage environments on 20-day storage. The
formulation showed the decrease from 120.5 N on the 5th
day to 82 N on the 20th day for tomatoes stored under
a postharvest shed, while the value changes from 202 N on
the 5th day to 105 N on the 20th day under refrigeration
temperature. These findings indicate that ch and mo do not
offer the synergistic effect on preserving the firmness of
tomatoes. Figures 5(a), 5(b) showed that tomatoes appear
pale and shriveled when stored in refrigeration compared to
tomatoes stored in a postharvest shed that appear bright in
color; however, for some treatments, the sample is likely to
deteriorate. This can be due to the presence of an enzyme in
tomatoes that reacts to the cold, causing cell membranes to
break down. As a result, the fruit becomes mushy and mealy.
The decrease in firmness is due to a higher respiration
rate that facilitates the ripening of tomatoes, thereby re-
ducing cell-to-cell adhesion and weakening of the paren-
chyma cell wall [22]. The presence of phenolic compounds in
mo might provide the antioxidant properties that retain
firmness retention [58, 59]. Along the storage days, the
degradation of insoluble protopectin to soluble pectic acid
and pectin can be facilitated by the polygalacturanase en-
zyme that softens the surface of fruits [60, 61]. The mo
contains tocopherol that could provide the inhibitory effect
on the polygalacturanase activity, thus retaining the firmness
of tomatoes. This observation correlates with the study that
applied Candelilla Wax Edible and Flourensia cernua to
extend the firmness of tomatoes during storage [62, 63].
The findings demonstrate that a 1% mo and ch coating
outperforms other formulations in maintaining the physi-
cochemical characteristics of tomatoes during storage.
Compared to Aloe vera-based coatings, which rely on
polysaccharides for firmness retention and mild antioxidant
activity, the mo-ch coating offers superior oxidative stability
due to its tocopherol content and monounsaturated fatty
acids. Unlike wax-based coatings, which act as passive
barriers and lack active functional properties, the mo-ch
coating provides inherent antioxidant and antimicrobial
benefits, making it more effective in extending shelf life
while remaining biodegradable. Additionally, compared to
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FIGURE 7: (a, b): Effect of macadamia nut oil (mo) and chitosan (ch) formulations on lipid peroxidation value of tomatoes along 20 days
stored at (a) postharvest shed and (b) refrigeration. Vertical bars show + percentage error of means for three replicates. Different letters on
the same storage day imply significant differences (p < 0.05) among formulations.
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FIGURE 8: (a, b): Effect of macadamia nut oil (mo) and chitosan (ch) formulations on total sugar contents of tomatoes along 20 days stored at
(a) postharvest shed and (b) refrigeration. Vertical bars show + percentage error of means for three replicates. Different letters on the same
storage day imply significant differences (p <0.05) among formulations.
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postharvest shed and (b) refrigeration. Vertical bars show + percentage error of means for three replicates. Different letters on the same
storage day imply significant differences (p <0.05) among formulations.

other oil-based coatings, the unique fatty acid profile of mo,
particularly its high oleic acid content, enhances hydro-
phobicity and oxidative stability, with the optimized 1%
concentration striking an ideal balance. At the molecular
level, hydrogen bonding and electrostatic interactions be-
tween mo and ch ensure uniform distribution and stability.

It offers the synergistic antioxidant mechanisms where ch
targeting water-soluble radicals and mo neutralizing lipid-
soluble radicals thereby reducing oxidative stress. The an-
timicrobial efficacy of the coating arises from ch’s cationic
nature disrupts microbial membranes and mo’s fatty acids
inhibiting enzyme activity, by creating a dual-action effect
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TaBLE 1: Post hoc analysis of 2.5% mo + 1% ch and 1% mo with control.

Parameter 2:22:; f((’))r ‘:l::s:;e:(t::& l:)tl Mean difference (i - j) Sig.
Linid peroxidation 1% mo 14.6508" 0.000
piap 2.5% mo + 1% ch 7.6299" 0.000
Total sugar content 1% mo 14.9094° 0.000
& 2.5% mo+ 1% ch 8.0273" 0.000

u 1% mo 1.4533" 0.000
p 2.5% mo+ 1% ch 1.6855" 0.000
A 1% mo ~0.1974" 0.000
2.5% mo+1% ch ~0.1335" 0.000

Tss 1% mo 21316 0.000
2.5% mo+ 1% ch 1.9800" 0.000

Rivening index 1% mo 268.3501" 0.000
pening 2.5% mo+1% ch 179.8736" 0.000
1% mo 0.1376" 0.000

Total chlorophyll content 2.5% mo + 1% ch 0.1149" 0.000
_ 1% mo 6.6058" 0.000

Total carotenoid content 2.5% mo + 1% ch 32920 0.000
Texture 1% mo 165" 0.000
2.5% mo+1% ch 143* 0.000

Note: Vertical bars show + percentage error of means for three replicates.
*Specify the significant difference.

against bacteria and fungi. Furthermore, the tocopherols in
mo inhibit polygalacturonase activity, slowing pectin deg-
radation and preserving tomato firmness. These findings
underscore the advantages of the 1% mo-ch coating over
other edible coatings, highlighting its potential as a sus-
tainable and multifunctional solution for fresh produce
preservation.

3.9. Comparative Analysis of Coating Formulations Provided
Optimum Physicochemical Properties of Tomato Fruits.
Two formulations in particular, 1% v/v mo and a com-
bination of 2.5% v/v mo and 1% w/v ch, offered the
desired effect on the physicochemical quality of the to-
mato fruits investigated in this study. Multiple com-
parisons were performed to determine the most efficient
coating solution among these two formulations in ref-
erence to uncoated tomatoes, and the results of least
square differences are presented in Table 1. Parameters
including lipid peroxidation, pH, TSS, TA, TSS/TA, total
chlorophyll content, firmness, and total carotenoid
content were examined. The results showed significant
mean differences (p <0.05) between coated and uncoated
tomatoes for all parameters investigated under this
study. However, the formulation with 1% v/v mo has
higher mean differences than that of a combination with
2.5% v/v mo and 1% w/v ch. These findings highlight that
a formulation with 1% v/v mo revealed a highly signif-
icant effect on maintaining the physicochemical quality
of tomato fruits compared to a combined formulation
with 2.5% v/v mo and 1% w/v ch. This finding coincides
with the study done on tomato preservation that used
tomatoes coated with ch and vanillin during storage
days [64-66].

4, Conclusion

The study demonstrated that the combined application of
2.5% v/v mo and 1% w/v ch synergistically improved the
postharvest quality of tomatoes by significantly reducing
pH changes, chlorophyll degradation, and lipid peroxidation
compared to individual coatings. However, mo alone (1%
v/v) was more effective in preserving TSS, total sugars, TA,
carotenoids, TSS/TA, and firmness. The findings suggest that
while ch enhances certain protective effects of mo, the oil
alone may be more beneficial for maintaining most physi-
cochemical properties. Further research should focus on
optimizing these coatings for commercial scalability and
cost-effectiveness.
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