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Nanochitosan, which was prepared by ionotropic gelation of chitosan and polyphosphate ions, had an
average particle size of 112 nm. The nanochitosan was incorporated in formulations for chitosan-based
nanocomposite (Ch-NCh) films and coatings. The 80% nanochitosan (v/v) containing film (Ch80NCh +
Add) was the most compact and thinnest, followed by the 40% nanochitosan (v/v) containing film
(Ch40NCh + Add) and the 1% chitosan-plus-additives film (Ch + Add) which was highly porous and the
thickest. The capability of the coating formulations to extend the postharvest life of cv. Sinta papaya
fruits, which were stored at 14.6 °C and 79% relative humidity, was evaluated. Control (uncoated) and
blank (additives only, Add only) coated fruits reached the limit of marketability on the 7" and 10t days of
storage, respectively. The Ch + Add coated fruits reached the limit of marketability on the 14™ day of
storage. The Ch-NCh coated fruits did not reach the limit of marketability at the end of the 26-d storage
period. The Ch-NCh coatings retarded peel color change, minimized disease incidence, shriveling and
weight Ioss and maintained pulp firmness. Titratable acidity of the Ch80NCh + Add coated fruits peaked
later (19" day) than that of the other fruit samples which peaked on the 14" day of storage. Total soluble
solids (TSS) content generally increased during storage with the Ch-NCh coated fruits generally having
lower TSS readings. Results indicate that chitosan-based nanocomposite coatings retard fruit ripening in

papaya cv. Sinta.
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Abbreviations: Add - additives, Ch — chitosan, CI - color index, DD — degree of deacetylation, NCh — nanochitosan, TA

— titratable acidity, TSS — total soluble solids

INTRODUCTION

Increasing the shelf life and improving the appearance of
many food products through edible coatings have been
the treatment of choice in response to the growing
demand for good-quality and fresh food products. New
and improved technologies, along with suitable
applications in the food industry, are emerging in
response to these demands and concern for the
environment. Nanoscience and nanotechnology are fields
of study that have the potential to generate new products
and processes in the food industry. The application of
nanotechnology in the development of edible coatings
and films may help the food industry to produce
materials that could alleviate serious global
environmental problems of pollution. In addition, the
biodegradability of these coatings and films could
enhance their potential to extend the shelf life and quality
of food products (Tharanathan 2003).

Chitosan is a polymer that has been used as a matrix
in edible coatings because it is a nontoxic and
biocompatible material (Kean and Thanou 2010). It is a
linear co-polymer of 3-(1-4) linked 2-acetamido-2-deoxy-f3
-D-glucopyranose and 2-amino-2-deoxy-3-D-
glycopyranose derived from chitin, the second most
abundant polysaccharide, next to cellulose (Johney et al.
2014). The material is produced commercially from
abundant, renewable resources, primarily from seafood
processing waste (Kim et al. 2006).

Several studies have shown the effectiveness of
chitosan as a coating in extending the postharvest life of
fresh, whole and minimally processed fruits and
vegetables. Chitosan has been used to delay ripening and
to improve the postharvest quality of guava (Hong et al.
2012), tomato (El-Beltagy et al. 2013), banana (Jafarizadeh
Malmiri et al. 2011) and papaya fruits (Barrera et al. 2015).
The effectiveness of chitosan as a coating for fruits and
vegetables depends on its selective gas permeability

The Philippine Agricultural Scientist Vol. 100 No. 3 (September 2017) 233



Chitosan-based Nanocomposite Coating

(Wong et al. 1992) and its antimicrobial properties
(Romanazzi et al. 2015; Garcia et al. 2014; Lopez-Mata et
al. 2013). The United States Food and Drug
Administration (USFDA) has approved chitosan coating
as a “Generally Recognized as Safe” (GRAS) substance, its
application being safe for the consumer and the
environment (Romanazzi et al. 2015).

However, as with other naturally occurring
polysaccharides when used as a coating or film, chitosan
has poor moisture barrier and weak mechanical
properties (Elsabee and Abdou 2013; Sorrentino et al.
2007) because of its chemical structure. On the other
hand, nanoparticles exhibit unique properties quite
distinct from their microsize counterparts, thus the
inclusion of nanoparticles into a chitosan matrix could
enhance and/or improve its properties.

Nanocomposite films have improved mechanical
strength and decreased moisture permeance (Torabi and
Nafchi 2013; de Moura et al. 2009). Kerch (2015) found
that chitosan films and coatings containing nanoparticles
have reduced water vapor permeability and improved
mechanical properties. Several studies have demonstrated
the potential of nanocomposite coatings to maintain the
quality and extend the shelf life of fresh produce (Garcia
et al. 2014; Zambrano-Zaragoza et al. 2013). Increased
shelf life was also observed in tomatoes and grapes
coated with a nanocomposite coating of low molecular
weight chitosan with silver nanoparticles (Johney et al.
2014).

Chitosan nanoparticles have been used as fillers for
polymer matrices. The incorporation of chitosan-
tripolyphosphate nanoparticles significantly improved
the mechanical and barrier properties of hydroxypropyl
methylcellulose films (De Moura et al. 2009). Chitosan
nanoparticles are natural materials that have impressive
physicochemical properties, are environmentally friendly
and are bioactive (Yang et al. 2009). These nanoparticles
have been used in drug (Katas et al. 2013) and gene
(Vimal et al. 2013) delivery systems.

Papaya (Carica papaya L.), a very popular tropical
fruit, has a large export demand (Rivera 2005). It is grown
almost throughout the country as a backyard and
plantation crop (Lustria et al. 2009 unpublished). It has
increasingly contributed to the Philippine economy and
has potential to become a major fruit crop like mango,
banana and pineapple. The fruit is climacteric, hence, it
has a short postharvest life (Ali et al. 2011). Its
marketability is affected by increasing incidence of
overripe fruit, hence postharvest handling procedures are
essential to minimize losses and prolong its shelf life.
Chitosan coatings containing low molecular weight
chitosan (Dotto et al. 2015) and propolis as an additive
(Barrera et al. 2015) have demonstrated effectiveness in
extending the shelf life of papaya fruits. These recent
findings indicate that edible coatings enhanced with
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nanofillers can also be an effective way of improving the
postharvest life of papaya.

This study aimed (1) to prepare a nanocomposite
coating wusing chitosan as a matrix with chitosan
nanoparticles as filler and (2) to evaluate its performance
in extending the postharvest life of papaya fruits.

MATERIALS AND METHODS

Preparation of Nanochitosan

Nanochitosan (NCh) was prepared according to the
ionotropic gelation procedure of Yang et al. (2009) with
some modifications. Sodium polyphosphate was used
instead of sodium tripolyphosphate. Dr. Hong Kyoon No
of the Catholic University of Daegu, Department of Food
Science and Technology, Hayang, South Korea, provided
the chitosan samples. Chitosan with a molecular weight
(MW) of 223 KDa was directly converted to nanochitosan
without treatment with hydrogen peroxide. Five tenths of
a gram of chitosan was dissolved in 1 L of 2% acetic acid
(Baker Analyzed Reagent, USA) and stirred for 30 min.
One hundred mL of the resulting solution was mixed
with 40 mL 0.5 gL' sodium polyphosphate (Merck,
Germany) solution and stirred for 2 h at room
temperature (RT), thus producing a nanochitosan
suspension.

The prepared NCh was subjected to transmission
electron microscopy (TEM Hitachi H300, Japan) at the
National Institute of Molecular Biology and
Biotechnology (BIOTECH), University of the Philippines
Los Banos. A drop of the nanochitosan suspension was
placed in a 400 mesh copper grid coated with collodion.
Excess fluid was removed by blotting with filter paper.
The suspension was allowed to set for 1-2 min, and then
subjected to negative staining using 1% purified
terephthalic acid (PTA) for about 2 min. TEM
examination of the specimen was done using 100-120 KV
accelerating voltage. Images of the specimen were taken
and the film was processed and developed for printing.

Chitosan-Nanochitosan Coating Formulations

Chitosan with a molecular weight of 1100 KDa was used
in the preparation of coating formulations. The chitosan
was analyzed for its solubility in different solvents (water,
0.1 N CHsCOOH and 0.1 N NaOH) and degree of
deacetylation (DD) following the method of Schoch (1964)
and Sabnis and Block (1997) as cited by Khan et al. (2002),
respectively, with some modifications.

The coating formulations containing chitosan (MW
1100 KD) as the matrix, nanochitosan and additives, were
prepared by mixing the components and homogenizing
with a Braun MR 350 CA hand blender (Spain) until a
clear solution was obtained. The additives included
casein as the protein component, ascorbic acid as the
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acidulant, polysorbate and ethylene glycol as the
emulsifier and plasticizer, respectively. Four coating
formulations were prepared. The first was made up of
additives only (Add only), the second consisted of 1% (w/
v) chitosan and additives (Ch + Add), the third contained
1% (w/v) chitosan - 40% (v/v) nanochitosan with additives
(Ch40NCh + Add), and the fourth contained 1% (w/v)
chitosan - 80% (v/v) mnanochitosan with additives
(Ch8ONCh + Add).

The chitosan containing formulations were cast to
form films. The films were subjected to scanning electron
microscopy (SEM) using a JEOL 5300 Scanning Electron
Microscope at the Physics Department, College of Science
of the De La Salle University Taft, Taft Ave., Manila. Film
samples were attached to a double-sided carbon tape and
coated with gold using a JEOL JFC 1200 Fine coater.
Images of the specimen were captured using SEM.
Application of  Chitosan-Nanochitosan
Formulations
Cv. Sinta papaya fruits at breaker stage [peel color index
(CI) 2 - not more than 10% yellow] were harvested from
the Eddie Silan farm, Indang, Cavite, Philippines. The
fruits were individually wrapped in newspaper, placed in
plastic crates and transported by land vehicle to the
laboratory. The fruits were washed with detergent and
allowed to dry before coating. The coating mixtures were
applied on the fruits with an airbrush. The coated fruits
were placed in open trays, air-dried at room temperature
then stored at 14.6 °C and a relative humidity of 79%. The
fruits were observed until each treatment reached the
limit of marketability.

Five treatments of the fruit samples were set.
Uncoated fruits served as control and the Add only
coated fruits served as blank. The other fruits were coated
with the other formulations, Ch + Add, Ch40NCh + Add
and Ch80NCh + Add.

Separate sets of fruits were used for monitoring the
physical attributes and chemical changes of the fruits
during storage. Observations of their physical attributes
were recorded in triplicate for each treatment while two
replicates were taken for each treatment at each sampling
time to monitor chemical changes during storage.

Coating

Physico-chemical Evaluation of Papaya Fruits during
Storage

Physical analyses. Changes in the physical attributes of the
papaya fruits were monitored during storage. Fruit color
was determined by visual examination using the color
index scale developed by the Postharvest Horticulture
Training and Research Center, University of the
Philippines Los Bafios where: 1 = fully green; 2 = breaker,
not more than 10% yellow; 3 = more green than yellow; 4
= more yellow than green; 5 = yellow with traces of green;
and 6 = fully yellow. Fruit firmness was measured using a
fruit penetrometer with a cone-type probe tip (MF10
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Imada®, Japan) in kg force unit. The fruits were cut in
half, and pulp firmness was estimated from the center of
each half. Disease incidence was based on the appearance
of the fruit surface by visual examination. Disease
severity was rated according to the following disease
severity indices: 0 = 0% no disease; 1 =10% of fruit surface
infected; 2 = 25% of fruit surface infected; 3 = 50% of fruit
surface infected; and 4 > 75% of fruit surface infected.

Shriveling was determined subjectively according to
the shriveling index scale given by Quintana and Paull
(1993) as cited by Proulx et al. (2005) where 1 = field fresh,
no sign of shriveling; 2 = minor signs of shriveling; 3 =
shriveling evident but not serious; 4 = moderate
shriveling and 5 = extremely wilted and dry. A shriveling
rate of 3 was considered the limit of acceptability for sale
of the fruit (Proulx et al. 2005). During the course of
storage, the weight of the same set of fruits was
calculated. Weight loss was reported as the percentage
weight loss from the initial weight.

Chemical analyses. Fifty grams of papaya pulp was
homogenized with 100 mL distilled water using a blender
for 1 min, then filtered and the supernatant was used to
determine titratable acidity and total soluble solids.

Titratable acidity (TA) was determined by titrating a
6.00 mL aliquot of the supernatant with standard 0.1N
NaOH (AOAC 1995). Percent titratable acidity was
expressed as % malic acid.

Total soluble solids (TSS) content was determined by
the refractometry method (AOAC 1995). Two to three
drops of the supernatant was placed in a hand-held °Brix
refractometer (Atago®, Japan) and the refractometer
reading was recorded. A dilution factor (DF) was
calculated for correction of the TSS reading of the filtrate.
The following equations were used:

DF =1+ Vol H:0 /fresh weight of sample, g
TSS °Brix = refractometer reading x DF

Statistical Analysis

Statistical analysis was conducted using The SAS®
System for Windows™ release 6.12. The General Linear
Models Procedure employing Analysis of Variance
(ANOVA) and Least Significant Difference (LSD) Test at

5% level of significance were applied for the
determination = of  significant differences among
treatments.

RESULTS AND DISCUSSION

Characterization of Nanochitosan Particles, Chitosan
and Chitosan-Nanochitosan Films

Nanochitosan was prepared by ionotropic gelation with
polyphosphate ions instead of tripolyphosphate ions as
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Yang et al. (2009) used. The average particle size of the
prepared nanochitosan was 112 nm as determined by
transmission electron microscopy, TEM (Fig. 1). The
nanoparticles appeared spherical except a few that were
irregularly shaped. Transmission electron microscopy
allows analysis of samples by means of high resolution
and high magnification imaging (Ma et al. 2006). The
images of a sample are produced when it is illuminated
with a focused beam of high-energy electrons and the
electrons that are transmitted through the sample are
detected. The images produced are significantly of high
resolution and hence are commonly used to measure
nanoparticle size.

The 1100 KD chitosan had a solubility of 50% in 0.1N
CH3COOH, 6% in water and was insoluble in 0.1 NaOH.
Its DD was 57.72 + 1.4%. This is in agreement with the
survey conducted by No and Meyers (1995) which
showed that the degree of deacetylation of commercial
chitosan ranges from 56% to 97%. Nadres (2007) reported
a DD value of 55.50% + 4.83% for chitosan. Khan et al.
(2002), however, stated that chitosan is generally known
to have a DD value of 75%. Kim et al. (2006) reported that
films prepared from chitosan with a DD of 78.9%, which
was considered as low DD, had lower water vapor
permeability and higher tensile strength compared to
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’ 20K *
Fig. 1. Transmission electron micrographs of two

different fields (A and B) of nanochitosan
solution.

films from chitosan with high DD (92.3%). These findings
suggest that the films produced in this study could serve
as a barrier to moisture and are relatively strong.

The surface morphologies and thickness of the films
cast from the coating formulations were analyzed by
SEM. With SEM a beam of high-energy electrons is
focused on the surface of the sample producing images
from which the morphology and topography of the
surface could be analyzed (Ma et al. 2006). Electron
micrographs of the films are shown in Figure 2. The Ch +
Add film (Fig. 2-Al) exhibited a high degree of porosity
with large pore sizes evenly distributed throughout the

o T

20K  lum

S. BkY k758

L

Fig. 2. Scanning electron micrographs of the surface (left) at 5000x magnification and cross-section (right) at 750x magnification of
films cast from the coating formulations (A) Ch + Add, (B) Ch40NCh + Add and (C) Ch80NCh + Add.
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film while there were fewer and smaller pores in the
Ch40NCh + Add film (Fig. 2-B1). Also, the pores of the Ch
+ Add film were deep while those of the Ch40NCh + Add
were shallow. The Ch80NCh + Add film (Fig. 2-C1) was
compact compared to the other films. The deep pores
observed in the Ch + Add film appeared to have been
filled with nanochitosan particles in the Ch80NCh + Add
film.

The texture of the films was assessed by comparing
the roughness or smoothness of the film surfaces as they
appear in the SEM electron micrographs. The SEM
micrographs (Fig. 2) show that the presence of a relatively
high concentration of nanochitosan improved film
texture. The Ch + Add film was rough and coarse
compared to the nanochitosan containing films, which
were smooth, with the Ch80NCh + Add film being
smoother. Also, the Ch80NCh + Add film had a glossy
surface while the Ch40NCh + Add film had a dull surface.

These observations agree with those of De Moura et
al. (2009) who stated that the large surface area of
nanoparticles increases its interaction with the film
matrix. Also, the small-sized nanoparticles have the
capability to fill in the voids of the porous chitosan
matrix. This explains the smoother surface of the films
containing nanochitosan. De Moura et al. (2009) observed
more compact hydroxypropyl methylcellulose films when
nanoparticles were present. Compaction can decrease
water permeability and increase tensile strength. These
are characteristics of a good coating material.

Among the films, the Ch + Add film was the thickest
at 20.6 um (Fig. 2-A2) followed by the Ch40NCh + Add
film with intermediate thickness of 15.7 um (Fig. 2-B2),
then Ch80NCh + Add film being the thinnest with an
average of 13.7 um. The decrease in film thickness with
increase in nanochitosan concentration indicates that
compaction occurred. Film thickness is an important
factor in determining water vapor as well as gas
permeability (Donhowe and Fennema 1994). It is possible
that the Ch80NCh + Add film had the lowest water vapor
and oxygen and carbon dioxide permeabilities among the
films because it was the thinnest of the films and it
visually exhibited the smallest pore sizes.

Physicochemical Characteristics of Coated Papaya Fruits
To assess the effect of chitosan-based coatings on the
postharvest life of papaya fruits, the fruits with a color
index 2 (not more than 10% yellow) were used since this
stage marks the start of their physiological maturity.

Peel color. Peel color is commonly used as a visual ripening
index of climacteric fruits. Change in peel color is
important as it depicts loss of chlorophyll, synthesis of
carotenoid pigments and unmasking of other pigments
formed earlier during fruit development (Basulto et al.
2009). Papaya cv. Sinta fruits were evaluated regularly
from start of coating until the end of their marketability.
A change in peel color from green to orange-yellow was
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evident from the first to the last day of storage.

Changes in the peel color of the papaya fruits during
storage are given in Table 1. Control fruits exhibited a
significant change in peel color from CI 2 to CI 3 on day 3
while the coated fruits remained at CI 2. The additives
only and Ch + Add coated fruits showed a significant
change in peel color on day 5. The fruits with coatings
containing nanochitosan changed color only on day 10.
The color index (CI) value of these fruits was significantly
lower than that of the other fruits. The control fruits had
the highest CI value of 5 (yellow with traces of green) on
day 19 while the fruits with nanochitosan had a CI value
of 3. On the 26™ day of storage, the fruits coated with
Ch40NCh + Add and Ch80NCh + Add had a peel color of
CI 4. No readings were obtained for the other fruits as
these had reached the end of their marketability.

Retardation of color development in papaya fruits
coated with formulations containing nanochitosan results
from the creation of a modified internal fruit atmosphere
(Al Eryani-Raqeeb et al. 2009), which could reduce
respiration rate by selective permeability of CO2 and O:
gases. The presence of nanochitosan increases the barrier
properties of the coatings by interactions between the
matrix and nanochitosan particles. Also, the nanochitosan
particles fill in the voids in the chitosan matrix, thereby
decreasing the permeability of the coating to gases.
Oxygen stimulates ethylene synthesis while carbon
dioxide is a competitive inhibitor of ethylene action (Burg
and Burg 1965). Ethylene is the hormone responsible for
chlorophyll breakdown and carotenoid synthesis (Haard
and Chism 1996). At low Oz concentrations and high CO:
concentrations, ethylene synthesis is retarded as a result
of chlorophyll degradation and carotenoid synthesis is
inhibited. It may be said that the coatings with
nanochitosan  can  indirectly delay  chlorophyll
degradation and carotenoid synthesis.

Disease severity. Papaya is susceptible to various
postharvest diseases. The two major postharvest diseases
of papaya are Anthracnose, caused by the fungus
Colletotrichum gloeosporoides and black rot, caused by the
fungus Mycosphaerella caricae (Zhou et al. 2004).

Hot water and fungicidal treatments are procedures
carried out prior to storage to prevent pathogenic
infection. However, these procedures were not conducted
in this study in order to evaluate the effect of the chitosan-
nanochitosan coating formulations on the disease severity
of papaya fruits.

Disease severity increased with prolonged storage
(Table 2). Significant differences among the treatments
were observed only on the 10" day of storage. The control
fruits were the first to exhibit disease infection, which was
on day 7, while the Ch + Add coated fruits showed
evidence of disease on the 10™ day. Evidences of disease
in fruits with the chitosan-nanochitosan coatings were
observed only on the last day of storage (day 26). By this
time, no fruit samples were left for the other treatments as
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Table 1. Color changes in papaya fruits with storage at 14.5 °C and RH 79% as affected by chitosan-based
nanocomposite coating formulations.

Color Index
Days of Storage
1 3 5 7 10 14 19 26
Control 2.0+0.0" 3.0£0.0" 3.0+£0.0" 3.0+£0.0" 3305 40+0.0° 5.0 00" -
Add only 20£0.0* 20+0.0° 2.7+0.5° 2.7+05° 3.0£0.0" 37£05° 37 +05° -
Ch + Add 20+£0.0* 20+0.0° 23 +05° 23+05° 3.0+00" 33+05° 37+05° -
Ch40NCh + Add  2.0+0.0* 2.0+ 0.0° 20 +0.0° 20+0.0° 2.3+05° 3.0+0.0° 3.0+0.0° 4.0%1.1*
Ch80NCh+Add  2.0+0.0" 2.0+0.0° 20 +0.0° 20%0.0° 23+05° 3.0 +0.0° 3.0+0.0° 4.0+0.0"
1 = fully green, 2 = breaker, not more than 10% yellow, 3 = more green than yellow, 4 = more yellow than green, 5 = yellow with traces of green, 6 = fully

yellow.
Data are means of three replicates. Means ranks of the same superscript letter in a column are not significantly different at the 5% level by LSD.

Table 2. Disease severity of papaya fruits coated with chitosan-based nanocomposite coating formulations on
storage at 14.5 °C and RH 79%.

Disease Severity*

Treatment Days of Storage

1 3 5 7 10 14 19 26
Control 0.0 0.0 0.0 1.0% 2.0 27+05" 37:05" -
Add only 0.0 0.0 0.0 0.1+0.33% 1.08 2.0° 3.0° -
Ch + Add 0.0 0.0 0.0 0.0° 0.7 +0.5° 1.0+0.8° 2.3+0.5° -
Ch40NCh + Add 0.0 0.0 0.0 0.0° 0.0° 0.0° 0.0° 1.5+0.6"
Ch80NCh + Add 0.0 0.0 0.0 0.0° 0.0° 0.0° 0.0° 1.5 +0.6"

0 = 0% no disease; 1 = 10% of fruit surface infected; 2 = 25% of fruit surface infected; 3 = 50% of fruit surface infected; 4 > 75% of frui

infected.

t surface

Data are means of three replicates. Means ranks of the same superscript letter in a column are not significantly different at the 5% level by LSD.

they had previously reached the end of their marketable
life because of infection. On day 26, the chitosan-
nanochitosan coated fruits were still marketable while the
1% chitosan (Ch + Add) coated fruits were heavily
infected (Fig. 3).

Results indicate that chitosan afforded protection
against microbial growth on the papaya fruits, which was
enhanced by the addition of nanochitosan to the matrix.
The nanochitosan containing coatings provided some
protection.

Dotto et al. (2015) reported that papaya fruit coated
with chitosan exhibited lower microbial counts compared
to uncoated fruits stored at 18-24 °C. The appearance of
microbial infection in uncoated fruits was earlier than that
in Ch + Add coated fruits and much earlier than that in
the chitosan-nanochitosan coated fruits in the present
study (Table 2).

Other researchers also reported that chitosan coatings
with nanoparticles reduced or prevented microbial
infection in coated fruits (Johney et al. 2014; Garcia et al.
2014) and fresh-cut fruits (Pilon et al. 2015). The
antifungal and antibacterial activities of chitosan are
attributed to its polycationic nature, which allows
electrostatic interactions with the anionic components of
the cell surface of microorganisms (Kim et al. 2003 and
Tsai et al. 2002, as cited by Elsabee and Abdou 2013), thus
bringing about changes in their cell surface integrity and
permeability (Dotto et al. 2015; Kong et al. 2010).

Shriveling and weight loss. Shriveling of the fruit peel
indicates drying or loss of water. Shriveling can be
determined subjectively through visual or feel rating. A
shriveling rate of 3 (shriveling evident but not serious) is
the accepted limit of marketability of papaya fruits
(Proulx et al. 2005).

238

There was a general increase in shriveling of stored
papaya fruits (Table 3). Significant differences in
shriveling index among all the treatments occurred only
on the 10" day of storage. The control, Add only and
Ch+Add coated fruits exhibited the first sign of shriveling
on the 7% day. The fruits coated with formulations
containing nanochitosan exhibited a change in shriveling
index only on the 14" day of storage. The control fruits
reached their limit of marketability in terms of shriveling
on day 10 while that of the fruits coated with Add only on
day 14. The fruits coated with Ch40NCh + Add and
Ch80NCh + Add did not differ in shriveling until the last
day of sampling, day 26. Both sets of fruit samples did not
reach the limit of marketability in terms of shriveling
index.

Moisture loss in fruits increases during storage, thus
resulting in weight loss. The weight loss of the papaya
fruits gradually increased with storage (Table 4).
However, none of the fruit samples reached a weight loss
of about 8%. According to Paull and Chen (1989), as cited
by Proulx et al. (2005), a weight loss of approximately 8%
in mature green papayas produced rubbery textured, low
-glossed, shriveled and unsalable fruits. In our study, the
control fruits had the highest percentage of weight loss
among all the fruit samples. The Ch-NCh coated fruits
generally exhibited significantly lower weight loss values
compared to the control and other fruit samples. The Ch-
NCh coated fruits did not significantly differ in weight
loss during the course of storage. The Ch40NCh + Add
coated fruits had the lowest mean weight loss of 1.3%
after 19 d of storage.

Results indicate that nanochitosan coatings can
prevent shriveling and reduce weight loss in coated fruits.
This in turn indicates low water vapor permeability of the
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Fig. 3. External appearance of papaya fruits coated with chitosan-based nanocomposite coating formulation after
26 d of storage at 14.5 °C and RH 79%. Papaya fruits coated with: A) Ch40NCh + Add, B) Ch80NCh + Add, and
C) Ch + Add.

Table 3. Shriveling indices of chitosan-nanochitosan coated papaya fruits on storage at 14.5 °C and RH 79%.

Shriveling Index

Treatment Storage Time (Days)
1 3 5 7 10 14 19 26
Control 1.0% 1.0% 1.0% 2.0% 3.0" 37+05" 4.0+0.0° -
Add only 1.0" 1.0" 1.0" 2.0% 2.3+0.5° 3.3+0.5" 4.0+0.0% -
Ch + Add 1.0" 1.0" 1.0" 1.08 2.7 +0.5° 2.7+05° 2.7+0.5° -
Ch40NCh + Add 1.0" 1.0" 1.0" 1.08 1.0+0.0° 2.0+0.0° 2.3+0.5° 2.5+0.5"
Ch80NCh + Add 1.0" 1.0" 1.0" 1.08 1.0 +0.0° 2.0 +0.0° 2.3+0.5° 2.5+0.5"

1 = field-fresh, no sign of shriveling; 2 = minor signs of shriveling; 3 = shriveling evident but not serious; 4 = moderate shriveling; 5 = extremely

wilted and dry.

Data are means of three replicates. Means in a column followed by the same superscript letter are not significantly different at the 5% level of

significance using LSD

Table 4. Weight loss of chitosan-nanochitosan coated papaya fruits during storage at 14.5 °C and RH 79%.

Weight Loss (%)*

Treatment Storage Time (Days)
3 5 10 14 19
Control 0.57 £ 0.14" 0.93+0.65" 1.36 + 0.08" 1.18 + 0.59° 173+ 051" 435+1.78"
Add only 0.63 +0.114 0.64 +0.07°® 1.33+0.27" 1.76 £ 0.32" 1.65 + 0.28" 3.11+0.78°
Ch + Add 0.38 + 0.06%¢ 0.49 +0.118 0.80 + 0.34° 0.96 + 0.23%¢ 1.31 +0.40° 2.48 +1.13%¢
Ch40NCh + Add 0.30 + 0.05° 0.35+0.19° 0.49 +0.19° 0.77 £0.77° 0.75 + 0.09° 1.30 +£0.07°
Ch80NCh + Add 0.41 + 0.06% 0.44 + 0.04° 0.66 + 0.245¢ 0.99 + 0.18%¢ 1.00 + 0.16%°C 1.61 +0.19°°

*Values are expressed as means of three replicates. Means in a column followed by the same superscript letter are not significantly different at the 5%

level of significance using LSD.

coatings, which prevented the escape of moisture from
the fruit. The presence of the chitosan nanoparticles
decreased the water vapor permeability of the chitosan
film because of the formation of hydrogen bonds between
the nanochitosan and the chitosan matrix, thereby
decreasing the diffusion of water (De Moura et al. 2009).
The nanochitosan particles, because of their small size, fill
in the voids in the porous chitosan film matrix, thus
making the film structure more compact and more
difficult for water molecules to diffuse through. Water
molecules follow a tortuous path as they diffuse through
the coating (De Moura et al. 2009).

Pulp firmness. Pulp firmness generally decreased during
storage (Table 5). A drastic decrease was observed in the
control and Add only coated fruits after 3 d of storage.
Similarly, Pereira et al. (2009) noted that untreated
‘Tainung-1" papaya fruits softened rapidly with more
than 80% softening during the first 3 d of storage at 27 °C.
Papaya cv. Golden fruits at a mature green stage of
ripeness and stored at 24 °C, however, softened
gradually. Similarly, pulp firmness of the cv. Sinta papaya
fruits coated with Ch + Add and those coated with the Ch
-NCh nanocomposite coatings gradually decreased. The
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Ch-NCh coated fruits were generally significantly firmer
than the control fruits. These results imply that chitosan
and the nanochitosan composite coatings retarded
processes like hemicellulose and pectin breakdown that
cause fruit softening. Such processes occur during fruit
ripening by the action of ethylene, which could have been
retarded by a modified internal atmosphere in the coated
fruits.

Titratable acidity and total soluble solids. Titratable acidity
(TA) of the papaya fruits generally increased up to a point
and then decreased during storage (Table 6). The control
and all the coated fruits except for the Ch80NCh + Add
coated fruits had a peak in TA on the 10* day of storage.
For the latter, the peak was on the 14% day. At this point,
the TA of these papaya fruit samples was significantly
higher than that of the other samples, while on the 19"
day, their TA was significantly higher than that of the
control and the Add only coated fruits. On the 26" day,
the chitosan-nanochitosan coated fruits did not
significantly differ in TA. Throughout storage, the control
and the Add only coated fruits did not significantly differ
in TA. Lazan et al. (1989) and Abu-Goukh et al. (2010)
also reported a similar increase and then a decrease in TA
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Table 5. Pulp firmness index of chitosan-nanochitosan coated papaya fruits during storage at 14.5 °C and RH 79%.

Pulp Firmness (kg force)*

Treatment Storage Time (Days)
1 3 5 7 10 14 19 26
Control 2.24+1.30™ 0.040 +0.22° 0.12+0.08° 0.06 + 0.06° 0.06 +0.03° 0.11+0.03° 0.03 +0.01° -
Add only 2.73+0.73"® 0.26+0.14° 0.10+0.03° 0.05+.03% 0.09+0.01® 0.20+0.05° 0.12+0.03% -
Ch + Add 1.90+2.00% 1.48+0.60° 2.73+0.25° 0.65+0.44® 0.83+0.91"® 0.20+0.05°5 0.12+0.02° -
Ch40NCh + Add 3.75+0.78% 256 +0.34" 3.15+0.14% 1.93+0.92* 1.28+0.92"® 1.15+1.10"® 0.13+0.03% 0.06 +0.03"
Ch8ONCh + Add 2.50 +0.53"® 253 +0.30" 3.52+0.44°% 1.70+0.29" 1.70+1.44" 151+15" 0.25+0.10" 0.12+0.07"

*Values are expressed as means of two replicates.

Means in a column followed by the same superscript letter are not significantly different at the 5% level of significance using LSD.

Table 6. Changes in titratable acidity and total soluble solids content of chitosan-nanochitosan coated papaya

fruits during storage at 4.5 °C and RH 79%.

Titratable Acidity (%)*

Treatment Storage Time (Days)
1 3 5 7 10 14 19 26

Control 1.13+0.200 1.17 £0.18°° 1.41+0.24" 157025 1.93+0.53" 1.33+0.25° 1.17+0.24° -

Add only 0.97 +0.30" 1.25+0.18"% 1.45+0.00" 1.61+0.12% 1.77+0.29"® 1.33+0.20° 1.13 +0.20° -

Ch + Add 1.09+0.13" 1.41+0.10" 1.45+043" 1.37+0.20° 1.77+0.39"® 1.25+0.10° 1.21+0.22"8 -
Ch40NCh + Add  0.88 + 0.20" 1.21 +0.26"%¢ 1.37+0.20" 1.29+0.12° 1.65+0.32"® 1.21+0.15® 1.37 +0.25"® 0.72+0.26"
Ch8ONCh + Add  1.13+0.25" 1.00+0.10° 1.29+0.20" 1.45+0.00"® 1.49+0.10®° 1.69+0.26" 1.45+0.26" 0.68+0.10"

Total Soluble Solids (°Brix)*

Control 7.61+059° 7.17+0.44%° 8.35+0.16" 9.39+0.37" 9.35+1.19" 8.38+0.33" 9.70+1.77" -

Add only 6.66 +0.34° 6.70+0.35° 7.80+0.10° 7.64+0.85°° 8.78+0.78" 8.35+0.78" 10.00 + 1.44" -

Ch + Add 6.39+0.30° 7.54+0.24"® 7.30+0.35° 7.98+0.11° 7.91+0.56° 7.87+1.11"® 9.49+1.55"

Ch40NCh + Add  7.14 +1.19"® 6.63+0.47° 7.10+0.43°° 8.61+0.10° 7.03+0.20° 8.68+0.22" 9.39+1.66" 9.79 + o 9ot
Ch8ONCh + Add 7.20+0.74"® 7.74+0.72" 6.86+0.13° 7.25+0.15° 7.84+0.27° 7.06+0.88% 7.78+0.11" 8.27 +0.22°

*Values are expressed as means of two replicates. Means in a column followed by the same superscript letter are not significantly different at the 5% level

of significance using LSD

of papaya fruit during ripening. In contrast, a decrease in
titratable acidity during ripening has been reported by
Chavez-Sanchez et al. (2013). The increase in TA
corresponds to an increase in galacturonic acid as the
papaya ripens (Paull and Chen 1999, as cited by Resende
et al. 2012). Citric, malic acid, a-ketoglutaric and ascorbic
acids are the major acids in papaya (Chan et al. 1971). The
utilization of these acids as respiratory substrates for the
formation of flavor and aromatic compounds (Ladaniya
2008) may account for the decrease in titratable acidity
after the climacteric respiration peak.

The effect of the coating on the ripening of the
papaya fruit can be assessed by determining when the
peak of titratable acidity occurs. The titratable acidity of
papaya fruit steadily decreases during growth and
development and reaches a
physiological maturity, then increases systematically to
reach a peak which coincides with the climacteric peak of
respiration, and then sharply declines afterwards (Abu-
Goukh et al. 2010). Results of TA determination indicate
that the Ch80NCh + Add coated fruits attained the
climacteric peak later (day 14) than the control and the
other coated fruits (day 10). This result implies that
ripening was delayed in the former, which could be
attributed to the coating of the fruit with the higher
concentration of nanochitosan. As mentioned earlier, this
coating formulation exhibited compactness of the film
which may have decreased gas permeability, thereby
resulting in decreased transpiration and respiration rates
leading to a delay in fruit ripening.

minimum value at
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There was a general increase in total soluble solids
(TSS) during storage of the papaya fruits (Table 6). The
control fruits generally exhibited the highest TSS
readings. Also, there were generally significant
differences among the five treatments in all the days of
storage. The Ch40NCh + Add and Ch80ONCh + Add
treatments had generally significantly lower TSS readings
than the control from day 3 to 10 and the latter had
significantly lower TSS readings on days 14 and 19
compared with the control. On the 26" day, the Ch80NCh
+ Add coated fruits had TSS values significantly lower
than those of the Ch40NCh + Add coated ones. Gomez et
al. (2002) and Calegario et al. (1997) reported an increase
in soluble sugars content of papaya fruits along with
ripening. Papaya fruits do not significantly have high
starch content (about 0.1%) when harvested, which could
contribute to sweetness due to hydrolysis upon ripening
(Gomez et al. 2002). The increase in TSS has been
attributed to sucrose synthesis as the fruit ripens with the
carbon source coming from the cell wall components. Ali
et al. (2011) similarly reported lower soluble solids
content in chitosan-coated Esotika II papaya fruits
compared with the uncoated control fruits. The lower TSS
of the coated fruits may be due to the capability of the
coating to retard the ripening of the fruit by decreasing
respiration rate and metabolic activity (Ali et al. 2011),
thus slowing down sugar synthesis from carbohydrates
(Al Eryani-Raqeeb et al. 2009).
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CONCLUSION

The incorporation of nanochitosan with a particle size of
112 nm into chitosan-based fruit-coating formulations
produced more compact and thinner films with improved
texture and smoother and glossy surfaces as seen from
SEM electron micrographs. Some physicochemical
changes in the properties of coated papaya fruits indicate
that the Ch-NCh coatings have the capability to retard
ripening and to extend the postharvest life of papaya up
to 26 d at 14.5 °C. Color changes and shriveling occurred
at a slower rate in the Ch-NCh coated fruits. The Ch-NCh
coated fruits did not reach the limit of marketability in
terms of shriveling index. The Ch-NCh coated fruits
showed signs of disease infection on the 26" day of
storage at a very low severity index value. Weight loss,
loss of firmness and total soluble solids were generally
less in the Ch-NCh coated fruits.

The capability of the Ch-NCh coatings to retard
ripening and to extend the postharvest life of papaya fruit
compared with the Ch + Add coating could be attributed
to the nanochitosan particles that filled in the voids in the
coating matrix. This chain of events enhances the
interaction of the particles with the chitosan matrix,
thereby producing a more compact film coating, which
could maintain low respiration and transpiration rates.
This interaction could also prevent or reduce shriveling
and weight loss, and thus reduce ethylene production as
well as enhance the protection provided by chitosan
against disease-causing fungi and bacteria.
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