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Passion fruits are susceptible to numerous postharvest challenges including weight loss, ethylene production, peel shrinkage,
microbial growth, and pulp liquefaction. To mitigate these issues, yellow passion fruits were treated with hydroxypropyl
cassava starch zinc oxide (HCS-ZnO) nanoparticles at varying concentrations. Fruits were stored at 10°C for 42 days, and the
treated fruits underwent periodic assessments for weight loss, electrical conductivity, reducing sugar, total soluble solids (TSS),
titratable acidity, and peel color. The results showed that a 0.8% HCS-ZnO nanoparticle coating could significantly reduce the
weight loss of passion fruit during storage. However, compared to other treatments, a 0.2% HCS-ZnO nanoparticle coating
demonstrated superior preservation of physicochemical properties, delayed discoloration, slowed ripening, maintained cell
membrane integrity (electrical conductivity 1337 μs/cm), and reduced nutrient loss (titrable acidity 3.35 g/100mL, TSS 17.9%,
reducing sugar 5.1 g/100 g) at 42 days of storage. This innovative approach holds promise for commercial application, offering
a sustainable solution to mitigate postharvest losses of passion fruit. The study underscores the potential of HCS-ZnO
nanoparticles as effective coatings to uphold fruit quality and extend shelf life, presenting compelling insights for future fruit
preservation strategies.

1. Introduction

Passion fruit (Passiflora edulis Sim.) belongs to the family
Passifloraceae and is a shrub or herbaceous plant, mostly
climbing in nature with auxiliary tendrils [1]. Currently,
Guangxi has emerged as China’s primary hub for passion
fruit cultivation, boasting a plantation area exceeding
20,000 hectares. The total yield across Guangxi has reached
approximately 300,000 tons. Notably, around 80% of this
yield is directed to the fresh food market. Moreover, there
has been a consistent upward trend in the average selling

price of passion fruit [2]. Since passion fruit is climacteric
in nature with a very high metabolism, the major problems
encountered by the farmers during the storage of passion
fruits are increased respiratory rate, massive water loss,
quick browning of peel, etc., which seriously deteriorate
the quality of passion fruit and greatly limit its shelf life
[3]. During postharvest storage at room temperature for 30
days, passion fruit showed higher metabolic and physiologi-
cal processes [4]. These processes led to higher weight loss,
peel shrinkage, microbial infection, and pulp liquefaction
[5]. It is, therefore, essential to find a sustainable solution
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to preserve the quality and enhance the shelf life of passion
fruits.

Harvesting at the right maturity level is one of the pre-
requisites that determines the postharvest quality of passion
fruit. Several novel technologies have been applied to
enhance the storage potential of various fruits and vegetables
[6–8]. Modified atmosphere storage by increasing CO2 con-
centrations, lowering O2 concentrations, and removing eth-
ylene is one of the most common practices. However, the
storage gas composition regulation requires expensive engi-
neering work, which increases storage and transportation
costs, and the byproducts from these systems are not envi-
ronmentally friendly [9]. Low-temperature (nonfreezing)
storage is another way of extending shelf life. At subzero
freezing points above the range of frozen storage, the tissue
cells of fruits and vegetables remain alive and do not cause
postharvest chilling injury or damage to cell structure [10,
11]. Furthermore, low-temperature storage requires a signif-
icant amount of energy, which increases storage and trans-
portation costs [12].

By preventing microbiological deterioration and acting
as a barrier against moisture and gas, nanoparticle-based
coatings become a cutting-edge method of food preservation
that can maintain the quality of fruits and vegetables and
increase their shelf life [13–15]. Among inorganic sub-
stances, ZnO stands out due to its notable appeal, attributed
to the safety it offers for both animals and humans [16]. The
Food and Drug Administration (FDA) in the United States
has granted approval for ZnO as a safe substance, endorsing
its wide-ranging utilization in drug delivery, pharmaceuti-
cals, food supplements, and other fields [17]. ZnO nanopar-
ticle edible coating has been applied recently to maintain the
quality of fresh-cut mangoes [18], bananas [19], avocados
[20], and various climacteric fruits [21]. Recently, dos Santos
Junior et al. [22] applied resin and zinc oxide nanocompos-
ites to chitosan coatings to extend the shelf life of passion
fruits. They kept passion fruits for 10 days at 22.5°C and
found them effective in maintaining quality.

Starch-based biocomposite films gained popularity for
maintaining the quality of fruits and vegetables due to their
low price, wide availability, and overall performances
[23–25]. No study has been carried out to enhance the shelf
life of passion fruits by applying starch-based nanoparticle
coating. Therefore, the aim of the study was to evaluate the
potential of the novel cassava starch-based multifunctional
coating containing zinc oxide nanoparticles to enhance the
shelf life of passion fruit by reducing water and nutrient loss,
alleviating deterioration of quality during storage, and main-
taining overall freshness. This study used cassava starch, a
natural edible macromolecule capable of forming a cohesion
structure, as the coating matrix, incorporating nano-ZnO at
varying concentrations.

2. Materials and Methods

2.1. Materials. The yellow passion fruit was collected from
an orchard in Yulin, China (110.17°E, 22.63°N, cultivated
in August-November 2021). The fruits were harvested at a
physiologically mature stage (75% color turning). 25 kg of

fruits with similar size, shape, and absence of disease inci-
dence were then brought to the laboratory of Food Science
at Yulin Normal University within 2 hours of harvest. All
the required chemicals were analytical grade and were pur-
chased from Sinopharm (Shanghai, China). The overview
of the experiment is presented in Figure 1.

2.2. Preparation of Cassava Starch ZnO Nanoparticles. ZnO
solution (0.5M) was prepared by dissolving ZnO (4.07 g)
(analytical grade, purity ≥ 98%) in ethylene glycol (10mL)
and adding Millipore water to make a volume of 100mL.
ZnO nanoparticle was synthesized using a protocol modified
from an earlier study [26]. The prepared ZnO solution was
then heated at 180°C for 3 h. The solution was then placed
on a magnetic stirrer at 80°C for another 3 hours. The final
product after centrifugation (492 g for 15min) was collected
and dried in a vacuum oven at 70°C overnight.

Hydroxypropyl cassava starch (HCS) was prepared by
esterification of cassava starch (supplied by Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China) and propylene
oxide under alkaline conditions, as described by Phinainiti-
satra et al. [27]. HCS (2.7 g) was heated and pasted with
100 g of distilled water at 90°C. The temperature of the solu-
tion was reduced to room temperature, and then 0 g, 0.2 g,
0.4g, 0.6 g, and 0.8 g dried ZnO nanoparticles were added
to it to prepare 0%, 0.2%, 0.4%, 0.6%, and 0.8% HCS-ZnO
nanoparticle dispersions, respectively [28]. The dispersion
was then homogenized using a homogenizer.

2.3. Application of Nanoparticle Coating to Passion Fruits.
Each passion fruit was completely dipped in the prepared
dispersion solution (1000mL) and kept in it for 5 minutes.
The experiment used a total of 700 fruits. There were 135
samples in each group. A separate set of 25 total samples
(5 in each group) was used for repeated color and weight loss
measurements. The coatings were then dried naturally at
room temperature on a clean surface. All samples were then
stored in a mini cold storage at refrigerated temperature of
10°C and 85% relative humidity (RH), since it is recom-
mended as the optimum storage condition for yellow pas-
sion fruits [29]. Control for individual solutions was not
studied.

2.4. Characterization of Nanoparticles. UV-visible spectros-
copy with a spectrophotometer (UH5300 Spectrophotome-
ter, Hitachi, Japan) was used to identify the formation of
ZnO nanoparticles. The spectrophotometer operated from
200 to 800 nm at a resolution of 1 nm. The HCS-ZnO nano-
particle solutions were analyzed by Fourier transform infra-
red (FTIR) spectroscopy (Perkin Elmer Sepctrum Two™,
Waltham, USA) in order to identify the functional groups
that are responsible for the production and maintenance of
ZnO nanoparticles [30]. Perkin Elmer’s FTIR software and
Peak Fit software (Peak Fit version 4.12, Sea Solve Software
Inc. Framingham, USA) were used to interpret the FTIR
spectra of the HCS-ZnO nanoparticles [31].

The crystalline nature of ZnO, HCS, and HCS-ZnO
nanoparticles (freeze-dried powder) was observed using X-
ray Diffraction (XRD) spectroscopy [30]. The mean particle
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size of ZnO nanoparticles was approximated utilizing the
Debye–Scherer equation, which establishes a correlation
between peak broadening observed in XRD and particle size,
as shown by the equation below:

D =
kλ

β cos θ
, 1

where D is the crystal size in nm, k is the Scherer constant
(0.9), λ is the wavelength of X-ray sources (0.15406 nm), β
is the FWHM (radian), and θ the is peak position (radian).
The surface morphology of the cassava starch and HCS-
ZnO freeze-dried coating was analyzed using scanning elec-
tron microscopy (SU1510, Hitachi High-Tech, Tokyo,
Japan), at 15 kV by using the method described by Rahman
et al. [32]. The dried sample was uniformly put onto a
double-sided adhesive tape affixed to aluminum stubs. Fol-
lowing this, the products mounted on the stubs were covered
with a layer of gold coating.

2.5. Determination of Weight Loss. Direct weighing method
was used to measure the stored weight of passion fruit (accu-
racy: 0.01 g). Consistency was maintained by repeated mea-
surements of the same passion fruit at each sampling time
throughout the experiment. Weight loss due to physiological
processes was calculated as the difference between the initial
weight and the weight at the time of measurement [33],
which was calculated by using equation (2)

Weight loss =
m0 −mn

m0
× 100, 2

where m0 is the initial weight; mn is the weight after a period
of storage.

2.6. Determination of Titratable Acidity. The passion fruits
were halved, and the pulp, peel, and seeds were separated.
The pulp was then filtered to make fruit juice. Passion fruit
juice (5.0mL) was directly taken and diluted in a 50mL vol-
umetric flask. 10.0mL of diluted solution was taken into a
250mL conical flask, and 2-3 drops of phenolphthalein
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Figure 1: Overview of the experimental flow diagram.
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indicator were added. A standard solution of 0.1mol/L
sodium hydroxide was titrated until the indicator changed
the pale-yellow solution to light red, with 30 seconds of non-
fading as the endpoint of the titration. The volume of
sodium hydroxide consumed was recorded as the average
of the three replicates. A blank experiment was also carried
out. Titrable acidity was measured according to Zhou et al.
[34] and calculated as shown by using equation (3)

TA =
C × V × K × V0

m ×V1
× 100, 3

where TA is the titratable acidity (g citric acid/100mL), C is
the concentration of standard NaOH solution (mol/L); V is
the volume of standard NaOH solution consumed by titra-
tion (mL); m is the sample mass (g); V0 is the total volume
of sample dilution (mL); V1 is the volume of sample liquid
absorbed during titration (mL); K , conversion coefficient,
based on citric acid, is 0.064.

2.7. Determination of Total Soluble Solids Content. In order
to determine the amount of total soluble solids (TSS), an
Abbe refractometer was used. Passion fruits were cut along
the equator line, the inner pulp was drugged out, and the
juice was filtered into a beaker and set aside. A drop of juice
was measured with the calibrated refractometer. The average
value from three replicate measurements was expressed as a
percentage [35].

2.8. Determination of Peel Color. The color values of the pas-
sion fruits were measured using a Minolta colorimeter
(CR400; Minolta Co., Ltd., Osaka, Japan), as reported by
Islam et al. [36]. Sample lightness is represented by the color
value L∗, which ranges from 100 (white) to 0 (black). Red-
ness is represented by the a∗ value, and yellowness by the
b∗ value. The apparatus was twice calibrated in accordance
with standard procedure prior to measurement. The lens of
the colorimeter was placed at three random points at the
equator of passion fruit, and data were recorded.

2.9. Determination of Reducing Sugar. The 3,5-dinitrosalicylic
acid (DNS reagent) method was used to determine the con-
centration of the reducing sugars [37]. 0.5mL of passion fruit
juice and 1mL of DNS (Sigma-Aldrich, St-Quentin-Fallavier,
France) were combined. Following homogenization, the mix-
ture was heated for five minutes to 100°C and then for four
minutes to -20°C. DNS is converted to 3-amino,5-nitrosa-
licylic acid in an alkaline environment. The absorbance was
determined using the UV-Vis spectrophotometer at 540 nm
(UH5300 Spectrophotometer, Hitachi, Japan). For the cali-
bration curve, glucose (Sigma-Aldrich, St-Quentin-Fallavier,
France) was utilized [38].

2.10. Determination of Electrical Conductivity. Passion fruit
was cut into half, and a scoop of flesh was taken with a
stainless-steel spoon. The flesh was handled gently to avoid
any damage. The flesh was then placed on a 0.45μm mem-
brane filter and allowed the drops of juice to accumulate in
a beaker. 2.0mL of juice was taken in a 50mL beaker and
diluted six times with double-distilled water. A WTW Tetra-

Con 325 electrode (Weilheim, Germany) and a WTW
inoLab Cond 730 conductometer were used to test con-
ductivity at 22°C. The findings were presented in terms
of microsiemens per centimeter (μS cm–1) [39].

2.11. Data Analysis. A one-way analysis of variance
(ANOVA) was employed to investigate the statistical signif-
icance of the variation in the average values. For the multi-
ple-comparison, Tukey’s honest significant difference
(HSD) test was performed using R statistical software (v.
3.1.0, R Foundation, Vienna, Austria). The graphs were
created using OriginLab Pro (OriginLab Corporation,
Roundhouse Plaza, Suite 303 Northampton, Massachusetts,
USA) [40]. Three measurements were made for each. Prin-
cipal component analysis was carried out with autoscaled
data to explore the data in PLS_toolbox under Matlab envi-
ronment (PLS_toolbox 8.92, Eigenvector Research Inc.,
USA) [41].

3. Results and Analysis

3.1. Characterization of HCS-ZnO Nanoparticles. In the 350–
420 nm range, ZnO nanoparticles revealed a characteristic
surface plasmon resonance peak at 388nm (Figure 2(a)) as
assessed by ultraviolet-visible spectroscopy. The primary
absorption bands of the Zn–O bond are visible around
575 cm-1 in the HCS-ZnO nanoparticles’ FTIR spectra
(Figure 2(b)) [42, 43], about 3437 cm-1, the O-H stretching
of alcohol and R−COOH and the N-H stretching of amine,
alkane, and aldehyde C–H stretching at about 2925 cm-1,
C=C stretching N–H bending of alkene and amine at around
1598 cm-1, O–H bending of alcohol at around 1383 cm-1,
and minor absorption bands of C=C bending about 750–
850 cm-1. The absorption bands other than the Zn–O
bonds in the FTIR spectra of ZnO nanoparticles appeared
in the FTIR spectrum (Figure 2(b)), indicating that the
functional groups on the nanoparticles are from HCS-
ZnO nanoparticles.

As shown in Figure 2(c), starch particles, ZnO nanopar-
ticles, and composite coatings have different XRD patterns.
2θ includes 31.73, 34.36, 47.20, 56.52, 62.75, 66.29, 68.85,
and 68.99. The positions of these peaks indicate that the
metal oxides are ZnO particles and have the XRD character-
istics of ZnO. The peaks of ZnO particles appeared in the
same position as the HCS-ZnO coating, and the changes in
the peak intensity were the same as the characteristics of
ZnO. These characteristics indicate that nano-ZnO particles
are present in the composite coating. There is only a sharp
peak but no flat peak in ZnO particles, which indicates that
ZnO exists as a crystal. Flat and sharp peaks appeared in the
composite coating, indicating the presence of metal oxide
crystals and starch-amorphous areas. This result indicates
that the starch crystallized in the composite coating was
gelatinized into amorphous material [44]. However, cassava
starch has a flat peak and hump, which indicate that it has a
crystallization zone and an amorphous zone. The reason is
that the peaks are formed by the crystallization of the com-
pounds into crystals, whereas amorphous substances can
only produce bread peaks (flat peaks). These characteristics
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have been reported in the most relevant literature [45]. As
shown in Figure 2(c), the position of cassava starch hump
2θ is 15°, 17°, 18°, and 23°, which belongs to type A crystal-
line starch with a relatively compact structure, and most
plant root starch is type A.

As shown in Figure 3, the HCS-ZnO nanoparticle coat-
ing had more bubble structure than HCS coating material,
which may be due to the stable bubble structure formed by
the three-phase material during drying [46]. The bubble
structure of the HCS-ZnO nanoparticle coating is beneficial
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Figure 2: (a) Ultraviolet-visible absorption spectrum of the colloidal 0.2% ZnO nanoparticles. (b) Fourier transform infrared spectrum
detecting groups in the 0.2% cassava starch ZnO nanoparticles solution. (c) X-ray diffraction pattern indicating crystalline wurtzite
structures of the 0.2% ZnO nanoparticles.
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to the aerobic respiration of fruits and vegetables, reducing
the toxicity of anaerobic respiration to better preserve the
quality of fruits and vegetables. In addition to that, nanopar-
ticle coating inhibits the growth of microorganisms present
on the surface of fruits and vegetables, inhibiting their repro-
duction and extending their storage period [47]. The porous
structure of the developed coating showed improved com-
patibility compared to previous findings [48].

3.2. Rate of Weight Loss. Following harvest, passion fruit
experiences a decline in water content due to transpiration
and respiration processes, which significantly impacts its
postharvest quality. Table 1 demonstrates that throughout
the storage period, weight loss of passion fruit gradually
increased over time. However, when compared to both the
control group and other treated samples, passion fruit
treated with 0.8% HCS-ZnO nanoparticles exhibited the
lowest weight loss rate. This observation may be attributed
to the comparatively lower moisture permeability of the
0.8% HCS-ZnO nanoparticle coating. By the end of the stor-
age period, the total weight loss among the five different
treatments ranged from 33.7% to 46.7% (Table 1); passion
fruit treated with 0.2%, 0.4%, 0.6%, and 0.8% HCS-ZnO
nanoparticle composite coating showed 4%, 6%, 8%, and
13% lower weight loss than that of the control group, respec-
tively. These findings underscore the potential for delaying
the reduction in weight loss of yellow passion fruit by

employing HCS-ZnO nanoparticle composite coating [49].
Similar results were reported for mangoes coated with carra-
geenan in combination with ZnO nanoparticles [50]. How-
ever, in all cases, the trend of weight loss continues at a
constant rate throughout the storage period. This indicates
the HCS-ZnO nanoparticle composite coating exhibited
constant physical properties, and its porous structure did
not make any barrier for water transpiration through the
peel. Porous structures were suitable for maintaining the
quality since nonporous coatings completely prevent mois-
ture and gas exchange [21, 51].

3.3. Changes in Passion Fruit Peel Color. The visual color
changes among different treatments are presented in
Figure 4. Changes in L∗, a∗, and b∗ values provide significant
information regarding the color attributes of passion fruit.
L∗ values reflect changes in the general brightness of the pas-
sion fruit peel. With fruit ripening, the L∗ value of passion
fruit peel increased at the beginning and decreased gradually
(Table 2). L∗ value of the control group decreased by 8.44%
after 42 days of storage, while 0.2% and 0.6% HCS-ZnO
nanoparticle composite coating treatments led to a 0.4%
and 2.02% increase, respectively. However, there were no
significant (p > 0 05) differences in L∗ values between the
experimental group and the control group.

The a∗ value evaluates color along the red-green spec-
trum, with negative values suggesting green tones. a∗ value

200 �m

(a)

200 �m

(b)

Figure 3: Scanning electron microscopic view of (a) cassava starch and (b) casava starch 0.2% ZnO nanoparticles.

Table 1: Weight loss in passion fruit over the storage periods.

Storage at 4°C
Cassava-starch ZnO coating

ZnO content
Control (0%) 0.2% 0.4% 0.6% 0.8%

7 (d) 7 30 ± 0 06A,f 6 50 ± 0 06B,f 7 30 ± 0 10A,f 7 40 ± 0 30A,f 6 30 ± 0 20B,f

14 (d) 14 63 ± 0 28AB,e 15 30 ± 0 25A,e 14 14 ± 0 23B,e 11 95 ± 0 80C,e 10 60 ± 0 21D,e

21 (d) 21 82 ± 0 38A,d 21 46 ± 0 34A,d 19 63 ± 0 42B,d 17 19 ± 0 78C,d 15 73 ± 0 78C,d

28 (d) 29 36 ± 0 27A,c 28 17 ± 0 28A,c 26 21 ± 0 57B,c 23 17 ± 1 01C,c 20 60 ± 0 96D,c

35 (d) 37 31 ± 0 68A,b 35 20 ± 0 67AB,b 33 41 ± 0 86B,b 29 51 ± 1 12C,b 26 21 ± 0 79D,b

42 (d) 46 68 ± 0 92A,a 42 80 ± 0 91B,a 40 48 ± 0 79BC,a 38 65 ± 1 02C,a 33 65 ± 0 92D,a

Data presented as mean ± std. Different capital superscript letters in the same row indicate significant differences, while different small superscript letters in
the same column indicate significant differences.
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of yellow passion fruit on the day of harvesting was -6.5.
During 42 days of storage, the a∗ value of all passion fruit
increased gradually, rising to 5.8, 1, -0.27, 0.73, and 0.2 after
42 days of storage in the control, 0.2%, 0.4%, 0.6%, and 0.8%
HCS-ZnO nanoparticle composite coating treatment,
respectively. These results showed that passion fruit peel
color became more reddish with storage. During the storage
period, no significant (p < 0 05) difference was observed
between the experimental group and the control group
before 35 days of storage, and no significant (p < 0 05) differ-
ence found in the a∗ value between the passion fruit coated
with 0.2%, 0.4%, and 0.6% HCS-ZnO nanoparticle coating
treated groups. These results are in accordance with the pre-
vious study [22].

The b∗ value assesses color along the yellow-blue spec-
trum, with positive values indicating yellow hues. Yellow
tones are characteristic of ripe passion fruit. As can be seen
from Table 2, the b∗ value of passion fruit in all groups
showed a rapid downward trend during 7 days of storage
and then increased and showed a steady downward trend
with the increased storage time. At 35 days of storage, no
significant (p < 0 05) difference was observed between the
HCS-ZnO nanoparticle composite coating treatment and

the control group. The variation trend of L∗,a∗, and b∗

values of peel during storage was similar to the previous
results of Yumbya et al. [52]. During 7-42 days of storage,
the L∗ and b∗ values of passion fruit decreased with storage
time, indicating that the brightness and yellowness degrees
of the peel color of the experimental group and the control
group decreased with storage time, while the degree of red-
ness of the peel increased. Generally, consumers prefer pas-
sion fruits exhibiting vivid yellow colors, as they associate
such hues with sweetness and ripeness. The color results
showed that the effect of 0.2% HCS-ZnO nanoparticle coat-
ing on passion fruit was better, and the peel had a higher L∗

value and lower a∗ and b∗ values.

3.4. Changes in Titrable Acid Content. Titrable acid content
of passion fruit plays a crucial role in consumer preference
and serves as a marker for fruit ripeness. It influences the
perceived tartness of fruits, and a decline in total acidity
can diminish the characteristic acidity typically associated
with passion fruit. This alteration in acidity levels may affect
the overall flavor profile, potentially resulting in a less pro-
nounced tanginess [8, 24]. Titrable acidity tends to decrease
during postharvest storage as organic acids are utilized as

Control0.2% 
HCS-ZnO

0.4% 
HCS-ZnO

0.6% 
HCS-ZnO

0.8% 
HCS-ZnO

Day 0

Day 7

Day 14

Day 21

Day 28

Day 35

Day 42

Figure 4: Visual comparison of control and coated passion fruits within 42 days of storage.

7Journal of Food Processing and Preservation



primary substrates for respiration and other metabolic activ-
ities. It can be seen from Figure 5 that during storage, the
total acid content of passion fruit showed a downward trend,
mainly because organic acids in fruits and vegetables are
major respiratory substrates, the main source of ATP, and
the providers of intermediate metabolites required by essen-
tial cellular biochemical processes [5, 53]. Throughout the
storage duration, the overall acid content of passion fruit
exhibited a gradual decline. This phenomenon stems from
the ripening process of passion fruit, where the sucrose
content diminishes, subsequently leading to reductions in
fructose and glucose levels. During the initial stages of ripen-
ing, there was a slight increase in citric acid and malic acid
content, followed by a subsequent decrease, resulting in rel-
atively stable changes in titratable acidity. Over the storage
period, a significant difference (p < 0 05) in total acid con-
tent was observed between the treated and control samples.
Notably, passion fruits treated with a 0.2% HCS-ZnO nano-
particle coating experienced a decrease in total acid content
by only 0.95 g/100mL, a significantly (p < 0 05) smaller
reduction compared to the control group at 42 days. This
finding suggests that the metabolism within passion fruit
may be attenuated at this concentration. It is plausible that
the HCS-ZnO coating inhibited the respiratory process of
passion fruit, thereby mitigating the decline rate of total acid
content in the fruit.

3.5. Changes in Total Soluble Solid Content (TSS). The ratio
of TSS to total titratable acidity, reflecting the equilibrium
between sugar and acid levels, plays a pivotal role in deter-
mining the aroma and taste profile of the passion fruit. A
higher ratio typically denotes a sweeter flavor profile, while
a lower ratio suggests higher acidity. Fruit palatability is

strongly associated with the above-mentioned ratio, as con-
sumers generally favor passion fruits that exhibit a harmoni-
ous balance of sweetness and acidity [7, 23]. Hence, TSS is
an important indicator during storage. Changes in TSS con-
tent are a reflection of fruit maturity and respiration. The
TSS content of passion fruit during cold storage increased
gradually (Figure 6) in both the experimental group and
the control group. The rise in TSS can be attributed to the
decomposition of starch into sugar, CO2, and water, as well
as the hydrolysis of cell wall polysaccharides and water loss,
which resulted in an increase in dry matter. During the later
storage period, TSS content fluctuated due to individual dif-
ferences [54]. Among the four treatment groups, the TSS
content of the 0.2% HCS-ZnO nanoparticle composite coat-
ing treated group was relatively stable and significantly
(p < 0 05) lower than that of the other groups. This result
is in accordance with that of the earlier work [55, 56].

3.6. Changes in Electrical Conductivity. During the storage,
as shown in Figure 7, the electrical conductivity of each
treated group increased gradually, indicating that the integ-
rity of the cell membrane of passion fruit changed during
storage. During passion fruit storage, the senescence of fruit
cells increased the membrane permeability, which increased
the electrolyte leakage from fruit flesh and increased the rel-
ative conductivity, and thus, the degree of cell injury was
represented by the phase conductivity [57]. At the beginning
of storage, the control group showed a lower value of electri-
cal conductivity than the 0.8% HCS-ZnO-treated groups.
This result might be due to the fact that treatments acceler-
ated the early metabolism of passion fruit, which promoted
cytoplasmic lysis [58]. It can be seen from Figure 7 that
conductivity fluctuated during storage. This phenomenon

Table 2: Peel color changes in passion fruits during the storage.

Color
parameters

Cassava-starch
ZnO coating

Storage at 4 °C

ZnO content 0 (d) 7 (d) 14 (d) 21 (d) 28 (d) 35 (d) 42 (d)

a∗

0% −6 53 ± 2 09a −4 53 ± 3 23a −5 73 ± 5 54a 0 13 ± 4 10a −0 97 ± 6 1a 5 17 ± 0 85a 5 10 ± 5 80a

0.2% −6 53 ± 2 09a −5 37 ± 2 38a −4 93 ± 3 44a −3 30 ± 3 22a −2 50 ± 4 22a −0 87 ± 2 82a 1 00 ± 5 31ab

0.4% −6 53 ± 2 09a −5 93 ± 4 27a −2 83 ± 4 38a −3 80 ± 4 78a −2 27 ± 4 26a −0 50 ± 0 78a −0 27 ± 0 76ab

0.6% −6 53 ± 2 09a −6 93 ± 6 94a −5 00 ± 6 50a −5 47 ± 6 81a −4 10 ± 6 10a −1 70 ± 5 89a 0 73 ± 3 67ab

0.8% −6 53 ± 2 09a −6 93 ± 1 80a −6 13 ± 4 19a −6 07 ± 4 04a −5 13 ± 6 36a −4 37 ± 8 03a 0 20 ± 6 65b

b∗

0% 39 00 ± 1 87a 34 83 ± 5 76a 39 63 ± 3 39a 39 33 ± 2 49a 38 70 ± 1 56a 39 00 ± 1 85a 37 87 ± 0 67ab

0.2% 39 00 ± 1 87a 36 93 ± 5 30a 38 63 ± 3 66a 40 01 ± 1 05a 37 47 ± 3 40a 37 37 ± 8 21a 40 13 ± 2 15a

0.4% 39 00 ± 1 87a 37 30 ± 0 57a 41 10 ± 6 01a 40 60 ± 3 28a 37 40 ± 5 09a 41 07 ± 3 40a 39 77 ± 4 38a

0.6% 39 00 ± 1 87a 30 57 ± 5 28a 38 60 ± 3 36a 36 77 ± 4 23a 37 13 ± 3 52a 37 50 ± 2 52a 37 83 ± 1 50ab

0.8% 39 00 ± 1 87a 28 73 ± 5 40a 37 47 ± 2 82a 37 13 ± 4 84a 37 50 ± 1 81a 36 37 ± 1 15a 32 97 ± 4 18a

L∗

0% 59 23 ± 2 79a 63 00 ± 5 90a 58 10 ± 7 13a 58 27 ± 7 79a 57 87 ± 5 06a 58 27 ± 2 57a 54 23 ± 4 46a

0.2% 59 23 ± 2 79a 65 27 ± 7 68a 64 90 ± 8 76a 65 10 ± 3 27a 62 03 ± 14 25a 55 2 ± 14 27a 59 47 ± 5 46a

0.4% 59 23 ± 2 79a 69 00 ± 3 40a 68 77 ± 5 34a 62 73 ± 7 35a 54 57 ± 9 77a 56 03 ± 7 45a 52 80 ± 4 52a

0.6% 59 23 ± 2 79a 64 00 ± 7 05a 62 20 ± 7 91a 58 23 ± 7 05a 56 06 ± 8 44a 57 10 ± 7 06a 60 43 ± 11 89a

0.8% 59 23 ± 2 79a 67 17 ± 5 41a 60 87 ± 2 68a 59 80 ± 8 25a 59 27 ± 5 62a 56 17 ± 5 32a 55 60 ± 3 14a

Note: data aremeans ± standard deviation (N = 3 for both control samples and treated samples). Means followed by different letters within the column at each
week indicate significant differences between the treatments according to Tukey’s HSD test at p = 0 05.
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suggests that there was an interaction of substances that
retarded the fluidization of the cytoplasm [59]. Compared
with the control group, the electrical conductivity of passion
fruit treated with HCS-ZnO nanoparticle coating was signif-
icantly lower (p < 0 05), indicating that the integrity of the
cell membrane was better maintained and had little effect
on passion fruit metabolism.

3.7. Changes in Reducing Sugar Content. Reducing sugar is
one of the sources of fruit sweetness, and its content is
among the main indicators of fruit ripeness. After 42 days
of storage, as shown in Figure 8, the content of reducing
sugar was 6.2, 5.1, 5.6, 5.64, and 5.5 g/100 g in the control
group 0.2%, 0.4%, 0.6%, and 0.8% HCS-ZnO nanoparticle-
treated groups, respectively. During storage with themetabolic
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processes, organic matter decomposed into simple metabo-
lites, or large starch hydrolyzed and converted into small
sugar molecules, resulting in a peak of reducing sugar and
soluble solids content. In the current experiment, at 42 days
of storage, the reducing sugar content of passion fruit treated
with 0.2% HCS-ZnO nanoparticle coating showed the lowest
value of 5.1 g/100 g, which was significantly (p < 0 05) lower
than that of the control group and other treatment groups.
The compound coating treatment at this concentration
could effectively maintain the reducing sugar content [60].

3.8. Principal Component Analysis. Principal component
analysis (PCA) analysis provides an overview of the data
and reduces the dimensions of the data. Since PCA repre-
sents the data with fewer number of latent variables, also
known as principal components (PCs), it is easier to under-
stand and explore the relationships among/between vari-
ables and samples [5]. The result of PCA is shown in
Figure 9. Two PCs were chosen while constructing the
PCA where the first PC contributed 73% and the second
PC contributed 13% of the variation. Moreover, an addi-
tional PC could not provide clearer clusters of samples. It
can be seen from the score plot that samples with different
treatments on different days of evaluation made small clus-
ters (Figure 9(a)). The most variation observed among the
samples was on day 7 and on day 42. An interesting trend
can be observed from the PCA score plot that samples
moved from left to right with the increase in storage days.
From the loading plot, it can be observed that samples were
high in acidity, and with time, acidity decreased and other
parameters increased (Figure 9(b)). Samples treated with
0.8% HCS-ZnO nanoparticles attributed to higher lightness,
while samples treated with 0.4% HCS-ZnO nanoparticles
attributed to a more yellowish color.

While the current investigation revealed several intrigu-
ing advantages of employing an HCS-ZnO nanoparticle
coating on passion fruits, certain limitations remain within
this study. A proper investigation is required to assess
whether any components of the HCS-ZnO nanoparticles
migrate from the coating onto the passion fruit during
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storage or handling, aiming to assess the safety and stability
of the coating, ensuring that it does not introduce any harm-
ful substances onto the fruit. This information would help
the technology be adopted in commercial settings. More-
over, measuring the thickness of the coating would provide
clear understanding of the gas and moisture permeability
and uniformity of the coating. In addition, for better under-
standing of the physiological process and interactions/addi-
tive effects, the effect of the coating on respiration rate as
well as individual control study should be carried out in
future study.

4. Conclusion

In this study, the micromorphology of the HCS-ZnO nano-
particle coating was evaluated, and its effects on passion fruit
preservation were studied. It was found that the HCS-ZnO
nanoparticle coating forms a homogeneous porous structure
on the surface of passion fruit. This novel treatment was
found to reduce water and nutrition loss in passion fruit
and alleviate deterioration of quality during storage. Com-
paring all the treatments, it can be concluded that 0.2%
HCS-ZnO nanoparticle coating maintained the total soluble
solids, total acids, and cell membrane permeability and
reduced the loss of passion fruit nutrients during storage.
Future study could involve further exploration and optimi-
zation of the HCS-ZnO nanoparticle coating for other cli-
macteric fruit preservation. Additionally, there could be
deeper investigations into the potential cytotoxicity and
related health risks.
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