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Citrus fruits are extremely popular for their rich nutritional attributes and health benefits, but they are

perishable in nature, and growers and suppliers often face financial losses due to rapid postharvest decay

in the fruits. In this study, carnauba wax (CW) based sustainable active coatings were developed,

characterized and applied for postharvest shelf-life extension of Khasi mandarin and sweet lemon. A

neem oil nanoemulsion (NONE) was used as the active agent to improve antimicrobial properties of the

composite coatings. The developed coatings reduced weight loss, maintained firmness, retained total

soluble solids, maintained titratable acidity, and slowed down deterioration in coated/treated Khasi

mandarin and sweet lemon during storage under ambient conditions. Due to antimicrobial properties of

the NONE, the composite coatings containing a 5% NONE (CW/NONE-5) and 10% NONE (CW/NONE-

10) significantly reduced decay in the coated fruits compared to the uncoated control and extended the

shelf-life of the citrus fruits by at least 3 weeks. The developed active composite coatings can be

effective alternatives to synthetic wax coating for shelf-life extension of citrus fruits and may provide

growers and suppliers with a sustainable mitigation strategy to minimize their postharvest losses.
Introduction

Citrus fruits are members of the Rutaceae family and are grown
in temperate and tropical climates around the world. Citrus
fruits are very popular because of their pleasant avour and
because they are rich sources of vitamin C and essential
minerals including potassium, iron, calcium, phosphorus and
magnesium.1,2 Among citrus fruits, Khasi mandarin (Citrus
reticulata Blanco) is commonly grown in the North Eastern
regions of India with an annual production of about 673 thou-
sand metric tons,3 whereas, India is the largest producer of
sweet lemon (Citrus limetta Risso) with an annual production of
about 4 million metric tons, which is almost 65% of the total
global production.4 However, these citrus fruits are perishable
having about 1–2 weeks of postharvest shelf-life, and their
quality deteriorates mainly due to fungal and bacterial spoilage,
which leads to signicant economic losses for growers and
suppliers.5 For instance, blue rot and green rot in citrus fruits
are caused by fungi, namely Penicillium italicum and Penicillium
digitatum, respectively, whereas Listeria monocytogenes and
Alicyclobacillus spp. cause bacterial spoilage in the fruits.6

Different postharvest preservation methods such as low-
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the Royal Society of Chemistry
temperature storage, synthetic wax-coating, chemical treat-
ment, and modied atmospheric storage/packaging have been
used to extend their shelf-life.7,8 However, low-temperature and
modied atmosphere storage are costly and inconvenient
methods, while synthetic wax-coating and chemical treatment
are harmful for consumers and the environment, and thus,
numerous efforts have been made to develop sustainable and
edible coatings as effective alternatives to these synthetic,
costly, and inconvenient counterparts.9,10

Carnauba wax (CW) is extracted from the leaves of Copernicia
prunifera, a species of palm tree native to Brazil, and the wax
mainly consists of aliphatic esters and cinnamic acid diesters
having high melting points (82–86 °C) and low solubility.11

Carnauba wax has inherent moisture barrier properties and
antifungal activities and is recognized as a generally recognised
as safe (GRAS) substance by the United States Food and Drug
Administration.11,12 Coatings of CW alone or incorporated with
active agents have been applied effectively to preserve or extend
the shelf-life of egg plant,13 golden papaya,14 satsuma
mandarin,15 and Valencia orange,.16 Carnauba wax coating of
fruits and vegetables reduces transpiration and respiration by
acting as a semipermeable barrier to gases and water vapour
thereby preventing moisture loss, maintaining rmness and
other qualities, delaying repining and senescence, and thus
extending their shelf-life.17 Active antimicrobial and antioxidant
agents such as essential oils may improve functional properties
of CW coating.18

Neem oil is an essential oil obtained from the seeds of the
neem plant (Azadirachta indica) and has been used for centuries
Sustainable Food Technol., 2023, 1, 415–425 | 415
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due to its excellent antibacterial, antifungal, antioxidant and
health-promoting properties.19,20 However, its applications in
food packaging and preservation are limited due to photosen-
sitivity of neem oil and its impacts on the sensory attributes of
food. To address these challenges, neem oil can be nano-
emulsied to improve bioactivity, bioavailability, and photo-
stability. A nanoemulsion of neem oil has been reported to be
effective against several phytopathogenic fungi including
Rhizoctonia solani and Sclerotium rolfsii.21 Besides having
increased functionalities, a neem oil nanoemulsion (NONE) can
also be used for targeted delivery along with controlled release,
leading to more effective applications in active food packaging
and preservation.22,23 Thus, a NONE is a promising biodegrad-
able and non-toxic agent that can be incorporated in CW
coating to make it more effective for coating of fruits and
vegetable. Therefore, in this study, a superior and active coating
formulations from carnauba wax and NONEs were prepared,
characterized, and applied on two citrus fruits i.e., Khasi
mandarin and sweet lemon as sustainable coating for their
postharvest shelf-life extension.
Materials and methods
Chemicals and raw materials

The materials used in the study were neem seed oil (Himedia
Laboratory Pvt. Ltd., India), Tween 80 (Merck Life Science Pvt.
Ltd., India), carnauba wax No-1 yellow (Sigma-Aldrich), shellac
akes from Lacca (Himedia Laboratory Pvt. Ltd., India), sweet
lemon (Citrus limetta) collected from Karigaon located in Kok-
rajhar district in the State of Assam, India, and Khasi mandarin
(Citrus reticulata) collected from Ngunraw village of South West
Khasi Hills, Meghalaya, India.
Preparation and characterization of neem oil nanoemulsions
(NONEs)

Neem oil nanoemulsions (NONEs) were prepared by adopting
themethod reported by de Castro e Silva et al., 2019 with a slight
modication, in which neem oil and Tween 80 were used in
different weight ratios of 1 : 1, 1 : 2, and 1 : 3.24 Initially, Tween
80 was added dropwise to the distilled water at room tempera-
ture with stirring at 500 rpm for 30 min on a magnetic stirrer
(REMI, Mumbai, India). Aerward, neem oil was added drop-
wise to the Tween 80 solution while stirring continuously at
1000 rpm for 15 min. Each prepared emulsion was then soni-
cated using an ultrasonic processor (Vibra cell VCX-750, Sonics
& Materials, Inc., Newton, USA) for 10 min at 30 °C and 20 kHz
with a xed amplitude of 40% to make nanoemulsions. The
prepared nanoemulsions with ratios of 1 : 1, 1 : 2, and 1 : 3 of
neem oil and Tween-80 were termed NONE-1, NONE-2, and
NONE-3, respectively.

The pH of the prepared NONEs was measured using a cali-
brated pH meter (EUTECH ION 2700, Thermo Fisher Scientic
India Pvt. Ltd, Mumbai, India) at room temperature (25 °C). The
viscosity of the NONEs was determined using a viscometer,
(DV3T, Brookeld Ametek, USA) at room temperature using
a cylindrical spindle of LV6 at 80 rpm, and the results were
416 | Sustainable Food Technol., 2023, 1, 415–425
recorded in cP (centipoise). The turbidity of the prepared
NONEs was assessed by measuring the transmittance of undi-
luted samples at 600 nm using a UV-vis spectrophotometer
(2375 Double Beam, Electronic India, Haryana, India). To
investigate the interaction between neem oil and the surfactant,
IR spectra of the prepared NONEs were obtained using FTIR
(IRAffinity-1S, Shidmazu, Japan). For FTIR analysis, the mixture
was pressed into pellets and the IR spectrum was examined in
a wavelength range of 4000 to 500 cm−1 at a resolution of
4 cm−1. The droplet size (zeta size) and polydispersity index
(PDI) of the prepared NONEs were measured using dynamic
light scattering (DLS) (Malvern Zetasizer Nano ZS90, Malvern
Instruments Ltd., Worcestershire, United Kingdom) aer 15
days of storage at room temperature for a better understanding
of their stability.

Preparation and characterization of coating formulations

Coating formulations were prepared from carnauba wax (CW)
and NONEs. In a typical process, CW was rst melted, and the
melted wax (4%, w/v) was mixed with Tween 80 solution (5%, v/
v) at 85 °C for 15 min, followed by ultrasonication using an
ultrasonic processor (Vibra cell VCX-750, Sonics & Materials,
Inc., Newton, USA) at 20 kHz for 10 min at 30 °C. An equal
volume (100 mL) of the prepared solution was poured in three
beakers, and then, 5% and 10% (w/v) of NONEs were added in
two beakers, and mixed well by continuous stirring on
a magnetic stirrer at 1000 rpm for 15 min, while in the third
beaker the NONE was not added (having only CW). Thus, three
different coating formulations, namely CW, CW/NONE-5, and
CW/NONE-10 were prepared.

The viscosity of the prepared coating formulations was
measured using a viscometer (DV3T, Brookeld Ametek, USA)
equipped with a cylindrical spindle (LV4) at a speed of 80 rpm at
room temperature. The pH was measured using a digital pH
meter (Eutech Ion 2700, Thermo Fisher Scientic India Pvt.
Ltd., Mumbai, India). Optical absorption of the coating
formulations was also measured using a UV-vis spectropho-
tometer (2375 Double Beam, Electronic India, Haryana, India).
The stability of the prepared coating formulations was tested
under different conditions, in which the samples were centri-
fuged at 3500 rpm for 30 min to check the phase separation,
followed by a heating–cooling cycle, which involved holding
them alternately at 40 °C and 4 °C for 48 h.

Application of the prepared coating formulations on citrus
fruits

The mature fruits (Khasi mandarin and sweet lemon) without
any defects were collected, washed with 0.1% (v/v) sodium
hypochlorite solution, and air-dried at room temperature. Both
the types of citrus fruits were randomly distributed into 4
groups, with each group having 14-fruits. Out of 4-groups, 3
groups of each type of fruit were dipped manually in the three
different (prepared) coating formulations for 1.0 min, then the
excess coating was allowed to drain out, and the fruits were air-
dried at room temperature. The 4th group of each type of fruit
was le uncoated as the control. The coated and uncoated fruits
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
were stored on trays under ambient conditions (25 °C) for 28
days. The effects of coatings on the weight loss, rmness, TSS,
TA, maturity index, pH, decay index and sensory attributes of
the fruit were measured at a 4-day interval during the storage
period.
Shelf-life study of the coated citrus fruits

Weight loss and rmness. Weight loss of the coated/treated
fruits was determined using the method described by Basu-
matary et al., 2022.10,25 The % weight loss of the fruits was
measured at each 4-day interval using eqn (1).

Weight lossð%Þ ¼
�
Wi �Wf

�

Wi

� 100 (1)

where ‘Wi’ and ‘Wf’ are the initial and the nal weights of the
fruit samples, respectively.

The rmness of the coated fruits was measured using
a texture analyser (TA. XT. Plus Stable micro systems, UK) using
a 6 mm cylindrical stainless-steel probe (P/6) at a compression
speed of 10 mm s−1. The maximal force needed to break the
fruits was recorded, and mean values of triplicate analysis were
taken.

pH, total soluble solids (TSS), titratable acidity (TA) and
maturity index (TSS/TA). Citrus fruit samples were peeled and
juice was extracted using a manual juicer, ltered, and imme-
diately analysed for pH, TSS, and TA using a pH meter and
digital refractometer (Atago, Tokyo, Japan) and by the titration
method, respectively. Titration was carried out with 0.1 N NaOH
using phenolphthalein as an indicator, and TA was expressed as
grams of citric acid per 100 g of fruit juice according to the
method discussed by Nourozia and Sayyari, 2020 with little
modication.26 Thematurity index of the fruits was expressed as
the ratio of TSS/TA according to Perdones et al., 2022.27

Decay index (DI) and sensory attributes. DI was measured by
visually assessing the degree of microbial decay symptoms on
each fruit surface using the following scale: 0 = healthy fruit, 1
= one very small lesion (beginning of infection), 2 = one lesion
less than 10 mm in diameter, 3 = several lesions or 25% of fruit
infected, and 4 = 26–50% of fruit infected.28 The results were
expressed as percentage decay, calculated using the following
eqn (2).

DI ¼
PðDI rating� no: of fruits at DI rating levelÞ

Total number of treated fruits
(2)
Table 1 pH, viscosity, turbidity, zeta potential, hydrodynamic size, and p

NONE pH Viscosity (cP) Transm

NONE-1 5.50 � 0.02a 8.01 � 0.28a 0.08 �
NONE-2 5.58 � 0.01b 18.34 � 0.6b 0.07 �
NONE-3 5.69 � 0.005c 60.02 � 1.44c 0.95 �
a The values are expressed as means ± SD of triplicate assays, and the sup
0.05).

© 2023 The Author(s). Published by the Royal Society of Chemistry
Sensory analyses of the citrus fruits were carried out by
untrained consumers of ages 18–45 years among students and
employees of the Central Institute of Technology Kokrajhar,
Assam India. A 9-point hedonic scale ranging from 9 for “like
extremely” to 1 for “dislike extremely” was used to conduct the
sensory test.
Statistical analysis

The experimental data obtained from different analyses were
subjected to ANOVA with treatment and storage time as sources
of variation. Mean comparisons among the treatments were
performed using the Tukey's test at a signicance level of p <
0.05. The analyses were performed using OriginPro 9.0 soware
and were performed in triplicate.
Results and discussion
Characteristics of NONEs

The results showed that pH, viscosity, and transmittance of the
prepared NONEs increased with an increase in the concentra-
tion of the surfactant from a 1 : 1 to a 1 : 3 ratio, keeping the
neem oil concentration constant (Table 1). The pH, viscosity,
and transmittance of the NONEs increased from 5.50 to 5.69,
8.01 to 60.02 cP, and 0.08 to 0.95%, respectively, with the
increase in the surfactant concentration. The increase in
transmittance is an indication of decreased turbidity of the
nanoemulsion that indicates that the surfactant to oil ratio has
a signicant impact on the nature of the colloidal dispersion.29

FTIR spectra of the NONEs are depicted in Fig. 1 that show
a broad absorption peak at about 3400 cm−1 corresponding to
O]H stretching indicating the presence of water, and a sharp
peak at 2919 cm−1 implying C]H stretching of methylene
groups in all the emulsions. However, the peak intensity of
C]H stretching gradually decreased, as the concentration of
the surfactant increased (from 1 : 1 to 1 : 3) in NONEs.30 The
other major peaks at wavelengths ranging from 1100–
1745 cm−1 correspond to C]O stretching indicating the pres-
ence of esters in the neem oil.

The zeta potential, droplet size, and polydispersity index of
the prepared NONEs are shown in Table 1. Zeta potential of the
NONEs varied from −3.08 to −10.1 mV depending on the
concentration of the surfactant. With an increase in the
concentration of the surfactant, the zeta potential decreased,
i.e., NONE-1 has the highest, whereas NONE-3 has the lowest
values, which indicate that Tween 80 is absorbed on the surface
olydispersity index of the prepared NONEsa

ittance (%)
Zeta potential
(mV)

Z-average
(d nm) (PDI)

0.005a −10.1 429.7 0.510
0.005b −7.98 312.8 0.781
0.025c −3.08 198.9 0.665

erscript with the values indicates that they are signicantly different (p <

Sustainable Food Technol., 2023, 1, 415–425 | 417
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Fig. 1 FTIR spectra of neem oil nanoemulsions; NONE-1, NONE-2,
and NONE-3.

Fig. 2 UV-vis spectra of the developed coating formulations.
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of oil droplets and stabilized it by creating electrostatic repul-
sive force amongst oil droplets.31 However, because of the low
zeta potential value, there is a chance of occulation/Ostwald
ripening over time. In this study, determination of zeta poten-
tial of the prepared nanoemulsions was carried out aer 15 days
of ambient storage; therefore, up to this period, occulation/
Ostwald ripening was minimum, and thus the NONEs were
stable. Other studies have also reported stability of oil in water
(O/W) nanoemulsions at a low zeta potential value.32 The PDI
value also conrmed the slow rate of occulation/Ostwald
ripening, as shown in Table 1. Also, the increased surfactant
concentration resulted in smaller droplet sizes which could be
due to their structure and their interaction with the surfactant.33

Theoretically, non-ionic surfactants such as Tween-80 stabilize
droplets without adding any droplet charge; however the
observed negative charge in our study is probably due to ionic
impurities in the prepared NONEs.34

PDI represents the heterogeneity/change in the droplet size
of the prepared nanoemulsions because of the Ostwald ripening
over time. PDI values close to 1 indicate a heterogeneous
distribution, whereas smaller PDI values indicate monomodal
distributions and greater stability.35 In this study, the PDI values
ranging from 0.50 to 0.78 showed that the prepared NONEs
were polydisperse and moderately stable, which is consistent
Table 2 Characteristics of the prepared coating formulationsa

Parameter CW CW/NONE-5 CW/NONE-10

pH 4.36 � 0.05a 4.84 � 0.02b 5.92 � 0.01c

Viscosity (cP) 10.05 � 0.57a 11.83 � 0.44a,b,c 12.58 � 0.3b,c

Stability Stable Stable Stable

a The values are expressed as means ± SD of triplicate assays, and the
superscript with the values indicates that they are signicantly
different (p < 0.05).

418 | Sustainable Food Technol., 2023, 1, 415–425
with the ndings of Jaworska et al., 2015.36 PDI values greater
than 0.5 have also been reported in nanoemulsions stabilized
with Tween 80 by several other authors.
Properties of the prepared coating formulations

NONE-3 was selected for preparation of carnauba wax-based
coating formulations, because of its stability and superior
antibacterial activities. The various characteristics such as pH,
viscosity and stability of the prepared CW-based coating
formulations are summarised in Table 2. The pH and viscosity
of the coating formulations increased from 4.36 to 5.92 and
from 10.05 to 12.58 cP, respectively with an increase in the
concentration of the NONE. Fig. 2 shows that the absorption of
the visible light is increased with an increase in the concen-
tration of the NONE in the coating formulation. All the coating
formulations were found to be stable with no phase separation
during the stress test and during storage. However, all the
coating formulations showed some sedimentation aer 60 days
of ambient storage.
Effects of coating treatment on the quality of the citrus fruits

Weight loss. Fruit quality losses such as shrivelling of the
fruit surface and diminished juiciness are mainly caused by the
loss of water from the fruit.37 Weight loss in the coated and
uncoated citrus fruits during ambient storage is given in Fig. 3A
and B. The result showed a gradual increase in weight loss in
the case of both Khasi mandarin (Fig. 3A) and sweet lemon
(Fig. 3B) during the entire storage period; however the control
samples show the highest weight loss from day-20 until the end
of the storage period (day-28). Pristine CW and CW/NONE-10
coated fruits show maximum reduction in weight loss, in the
case of both the fruits. Compared to the control (uncoated), the
CW/NONE-10 coated citrus fruit shows reduction in weight loss
from 37.35 to 33.71 (about 3.7%) in the case of Khasi mandarin
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Weight loss in Khasi mandarin (A) and sweet lemon (B); TSS of Khasi mandarin (C) and sweet lemon (D); and TA of Khasi mandarin (E) and
sweet lemon (F).

Paper Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
/1

2/
20

26
 1

0:
16

:2
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and from 29.01 to 25.70 (about 3.3%) in the case of sweet lemon
aer 28 days of storage. Several authors reported that coating
fresh tomatoes and mandarin fruits with carnauba wax emul-
sions incorporated with nanoemulsions or grape seed extract
resulted in reduced weight loss from the coated/treated
fruits.15,38

Total soluble solids (TSS). TSS is one of the major internal
quality parameters of citrus fruits, and it change naturally
during ripening and storage.39 The TSS of the treated Khasi
© 2023 The Author(s). Published by the Royal Society of Chemistry
mandarin increased during the rst 16 days of storage, and then
signicantly decreased aerwards (Fig. 3C), whereas the TSS of
the treated sweet lemon increased continuously until 28 days of
storage (Fig. 3D). Initially, the Khasi mandarin had TSS of
12.16° Brix, which increased to about 14° Brix in the CW/NONE-
10 coated fruit sample and reduced to 11.16° Brix in the control
fruit at the end of the storage, and thus the coating treatment
signicantly reduced TSS loss compared to the uncoated control
fruit. In the case of treated sweet lemon, the initial TSS was 8.2°
Sustainable Food Technol., 2023, 1, 415–425 | 419
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Fig. 4 TSS/TA (maturity index) of treated Khasi mandarin (A) and sweet lemon (B); firmness of treated Khasi mandarin (C) and sweet lemon (D);
and pH of Khasi mandarin (E) and sweet lemon (F).
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Brix, which increased to about 8.85° Brix in the case of the
control, whereas the CW/NONE-10 coated fruits maintained TSS
at about 8.2° Brix even aer 28 days of storage indicating
retention of sweetness of the coated fruits (Table S1†). The
420 | Sustainable Food Technol., 2023, 1, 415–425
ndings of this study were like the results reported in previous
studies.25,40

Titratable acidity (TA). Titratable acidity (TA) decreases
during ripening of fruit due to the conversion of organic acids
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Percent decay index (DI%) of the Khasi mandarin and sweet lemon stored for 28 days under ambient conditionsa

Fruit Treatments Day-16 Day-20 Day-24 Day-28

Khasi mandarin Uncoated 2.16 � 0.16a 3 � 0.28a 3.83 � 0.16a 4.16 � 0.16a

CW 0b 2.33 � 0.16a,b 2.66 � 0.16b 3.66 � 0.33a,b

CW/NONE-5 0b 1.66 � 0.33b 2.16 � 0.33b 3.16 � 0.16b,c

CW/NONE-10 0b 1.66 � 0.16b 1.5 � 0.28b 2.66 � 0.16c

Sweet lemon Uncoated 2.3 � 0.33a 2.9 � 0.13a 3.4 � 0.2a 3.8 � 0.13a

CW 1.1 � 0.1b 1.2 � 0.1b 1.2 � 0.1b 1.2 � 0.1b

CW/NONE-5 0c 1.1 � 0.1b 1.2 � 0.1b 1.2 � 0.1b

CW/NONE-10 0c 1.1 � 0.1b 1.2 � 0.1b 1.2 � 0.1b

a The values are expressed as means± SD of triplicate assays, and the values with different superscripts indicate that they are signicantly different
(p < 0.05).
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into sugar; however coating on fruit can effectively slow down
the respiratory process resulting in a reduced rate of conversion
of organic acids, as organic acids are used as substrates for
respiratory metabolism.41 The TA values of both coated and
uncoated Khasi mandarin (Fig. 3E) and sweet lemon (Fig. 3F)
fruits decreased throughout the storage period, but the reduc-
tion was signicantly less in the case of all the coated/treated
fruits compared to the uncoated controls. At the end of the
storage periods, CW/NONE-10 coated fruits had the highest TA
values; 0.60% in Khasi mandarin and 0.81% in sweet lemon,
whereas for the uncoated controls the values were the lowest;
0.45% and 0.71%, respectively (Table S1†). Thus, the prepared
coatings efficiently maintained TA of both the citrus fruits
during the 28 days of storage, which is in agreement with
previous reported studies.42,43

Maturity index (TSS/TA). The maturity index (TSS/TA)
determines fruit quality, avor, and consumer acceptance of
fruit. The result showed that the TSS/TA ratio of both coated and
uncoated fruits increased consistently during the entire storage
period (Fig. 4A and B); however the TSS/TA values of the coated
fruits were better maintained compared to the uncoated fruit
until the end of the storage period. The CW/NONE-5 and CW/
NONE-10 coated fruits show the lowest TSS/TA ratio i.e., 22.51
in Khasi mandarin and 10.08 in sweet lemon, whereas for
control samples these values were 24.8, and 12.0, respectively, at
the end of the 28 days of storage (Table S1†). Thus, the prepared
composite coatings improved the postharvest shelf-life of
treated fruits by delaying maturity and reducing the ripening
rate. Previous studies have also reported on maintaining the
TSS/TA value by CW-based coating on various fruits such as
apples,44 Indian jujube fruits,45 Kinnow mandarin,46 and
pomegranates.47

Fruit rmness. Fruit rmness is an important factor that
determines the freshness of fruits and consumer acceptability.
The fruit rmness of the coated and uncoated fruits decreased
during storage but the coated fruits retained signicantly
higher rmness compared to the control/uncoated sample,
which could be due to reduced enzymatic degradation as
a result of coating that limits oxygen availability (Fig. 4C and D).
The loss of tissue water and the turgor pressure are also
responsible for reduced fruit rmness.48 Initially, the Khasi
© 2023 The Author(s). Published by the Royal Society of Chemistry
mandarin and the sweet lemon had rmness values of 21.52 N
and 45.89 N, and by the end of storage the control sample
rapidly lost rmness to 4.49 and 18.32 N, respectively (Table
S1†). In the case of Khasi mandarin, the CW coated sample
exhibits the highest rmness value (22.5 N) during the rst 4
days of storage and rapidly declines by the end of the storage
period (4.61 N), while the CW/NONE-5 and CW/NONE-10 coat-
ings comparatively maintained the fruit rmness i.e., 12.28 N
until the end of the storage. It can be concluded that the
prepared CW/NONE-5 and CW/NONE-10 coatings signicantly
maintained the rmness of the citrus fruits up to 28 days of
storage. In the case of sweet lemon, despite the reduction in
rmness of the control sample from 45.89 N to 18.32 N, the
coated samples maintained the fruit rmness between 24 and
25 N during the 28 days of storage. The retained rmness in the
coated fruits might be due to reduced microbial decay, slow
respiration, and reduced water loss. Other studies have also
reported such retention of fruit rmness in carnauba wax
coated plums,49 grape berries,50 and eggplants.51

pH. The acid content of fruits decreases over time as a result
of oxidation of organic acids during ripening.52 From Fig. 4E
and F, it can be seen that the pH of the coated fruits slightly
increased during storage in the case of both Khasi mandarin
and sweet lemon. The control Khasi mandarin and sweet lemon
recorded the highest increases in pH from 3.80 to 4.32 and from
3.79 to 4.05, respectively, on 28 days of storage (Table S1†).
Similar results i.e., an increase in pH during storage were also
reported for carnauba wax coated pomegranate fruit47 and
papaya,53 which keep their pH levels stable, which may be the
reason for the insignicant pH changes. The fruit ripening,
inherent organic acid contents and several other factors
including the biochemical state of the fruit, slower rate of
respiration, etc., might have contributed to the pH change.54

Decay index. The decay values of the treated Khasi mandarin
and sweet lemon during storage are given in Table 3, and visual
appearances of whole and half-cut Khasi mandarin and sweet
lemon during storage under ambient conditions are presented
in Fig. 5 and 6, respectively. In the case of the Khasi Mandarin,
the control fruit showed signs of decay aer 16 days, but the
coated fruit showed signs of decay aer 20 days of storage
(Fig. 5A). By the end of the storage, the control Khasi mandarin
Sustainable Food Technol., 2023, 1, 415–425 | 421
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Fig. 5 Visual appearance of (A) whole and (B) half-cut Khasi mandarin during 28 days of storage under ambient conditions.
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showed the highest decay index (4.16%), whereas the CW/
NONE-10 coated fruits had the least decay index (2.66%). In
the case of sweet lemon, both control and pristine CW coated
fruits showed signs of decay aer 16 days of storage; however,
CW/NONE-5, and CW/NONE-10 coated fruits showed the rst
signs of decay aer day-20 (Fig. 6A). All the coated sweet lemons
show the same decay index (1.2%), whereas the control shows
the highest decay index (3.8%) by the end of 28 days of storage
(Table 3). Several similar studies were also reported on
422 | Sustainable Food Technol., 2023, 1, 415–425
carnauba wax-based coatings, which signicantly reduced decay
in coated fruits. For instance, carnauba wax coating decreased
brown rot and Rhizopus rot by 4% and 9%, respectively.55 Also,
decay in Indian jujube fruits was reduced by coating the fruit
with a carnauba wax emulsion.45 Addition of NONEs in CW
coating induced a decline in the decay rate of the coated fruits
because of the strong antimicrobial nature of the prepared
NONEs.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Visual appearance of whole (A) and half-cut (B) sweet lemon during 28 days of storage under ambient conditions.
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Conclusion

In this study, edible and active coatings from carnauba wax and
neem oil nanoemulsions were developed and applied on citrus
fruits for extending their postharvest life. Oil-in-water (O/W)
nanoemulsions of neem oil (NONEs) were prepared that
showed strong antibacterial activities and thus incorporated as
an active agent in developing CW-based coatings. The devel-
oped coatings were applied on fresh whole citrus fruits i.e.,
Khasi mandarin and sweet lemon, and the results showed that
the weight loss, TSS, TA, TSS/TA, and rmness of the coated/
treated fruits were maintained during 28 days of storage
under ambient conditions. Coatings containing a 5% NONE
(CW/NONE-5) and 10% NONE (CW/NONE-10) were highly
effective in reducing the decay of the fruits and extended their
shelf life by up to at least three weeks. Findings of this study
© 2023 The Author(s). Published by the Royal Society of Chemistry
indicate that the developed plant wax-based active coatings
could be used as an edible and sustainable alternative to
conventional/synthetic wax-based coatings for extension of the
postharvest life of citrus fruits.
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