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# # 5872860323 : MAJOR BIOTECHNOLOGY

KEYWORD: Chitosan, Montmorillonite nanocomposites, Coating, Shelf life, Banana fruit, Storage
Arisa Wantat : Effects of Chitosan Combined with Chitosan-Montmorillonite Nanocomposites Coating on Postharvest Quality
of 'Hom Thong' Banana Fruit. Advisor: Asst. Prof. Kanogwan Seraypheap, Ph.D. Co-advisor: Assoc. Prof. Pranee Rojsitthisak,

Ph.D.

Chitosan (CTS) has been widely applied as a fruit coating in commercial fruit crops to prolong their shelf-life. In the present
research, chitosan coatings were applied on ‘Hom Thong’' banana fruit, an important exported cultivar of Thailand. Postharvest qualities of
‘Hom Thong' banana were measured after coating with 1% (w/v) low molecular weight (LMW-CTS: 65 kDa), medium molecular weight
(MMW-CTS: 265 kDa), and high molecular weight (HMW-CTS: 540 kDa) chitosan for 1 min. The application of HMW-CTS showed the thickest
of coated film and had effectiveness as a barrier of water vapor and O, transmission. HMW-CTS treatment could retard fruit respiration and
ethylene production, thus delaying fruit softening, reducing weight loss, peel color change, and TSS content. Moreover, HMW-CTS coated
fruit exhibited reduced cell wall hydrolase enzyme activities, including polygalacturonase (PG) and pectate lyase (PL). Furthermore, HMW-
CTS could enhance the antioxidant capacity, reduce cell membrane injury and disease severity of fruit. These results suggested that HMW-

CTS was the most effective treatment in delaying fruit softening and exhibited a longer shelf life of ‘Hom Thong’ banana.

The development of chitosan-montmorillonite nanocomposites (CTS-MMT) nanocomposites combined with chitosan solution
was further investigated. The CTS solution combined with CTS-MMT nanocomposites was casted as free-standing films and neutralized
with 4% (w/v) NaOH. The combination of 2% CTS-MMT in CTS thin film had a higher water resistance ability by increasing the degree of
water contact angle and lowering water absorption and water solubility values compared to CTS film. The CTS solution combined with CTS-
MMT nanocomposites at 1%, 2%, or 4% (w/v) were applied as banana fruit coating. Fruit was dipped in the solution for 1 min and then
stored at 25 °C for 15 days. The 2% CTS-MMT coating reduced the respiration rate and ethylene production, retarded peel color change
and inhibited electrolyte leakage and malondialdehyde content of bananas, indicating a decrease in membrane leakage. Taken together,
the 2% CTS-MMT could delay banana fruit ripening due to the increase in the oxygen barrier property of the film, which is an important

parameter for maintaining the postharvest quality of ‘Hom Thong’ banana fruit.

To evaluate the effect of CTS and CTS-MMT on the development of postharvest disease, banana fruit were inoculated
with Colletotrichum musae, which caused anthracnose in bananas. CTS and 2% CTS-MMT treatments significantly reduced the incidence
and severity of the disease during storage at 25 °C. In addition, both treatments markedly increased the contents of phenolic content (TPC),
ascorbic acid (AsA), and reduced glutathione (GSH) in bananas. Moreover, CTS and 2% CTS-MMT treatments had the ability to reinforce
the microbial defense mechanism of bananas by enhancing the activities of antioxidant enzymes, including ascorbate peroxidase (APX),
catalase (CAT), glutathione reductase (GR), and dehydroascorbate reductase (DHAR). Therefore, the CTS and 2% CTS treatments could

mitigate the disease severity in ‘Hom Thong’ banana fruit.

Field of Study: Biotechnology Student's Signature .........cccoceevvrviinnnn.
Academic Year: 2020 Advisor's Signature ............ccccccoveennne.
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CHAPTER |

INTRODUCTION

Rationales

Banana (Musa acuminate L.) is one of the major commercial fruit crops grown in

tropical and subtropical areas. It is considered a high-energy food source and is easily

consumed (Williams, 1995). However, banana is a typical climacteric fruit that rapidly

softens and ripens after harvest. The banana fruit quality quickly declines when the fruit

develops to fully ripen (Kevers et al., 2007) which is the limiting factor for exporting

bananas to distant countries. In addition, changes in texture, firmness, and color of

banana peel directly impact consumer preference (Goulao and Oliveira, 2008), affecting

commercial banana value in the market. Thus, the development of postharvest treatment

to prolong banana shelf life and maintain fruit quality during transit and storage is needed.

Coating technique is one of the most popular methods to extend plant commercial

shelf life, especially fruit crops, by delaying ripening, softening, water loss, and fungal

decay development (Baldwin et al., 1997). Coatings can lead to a change in the

composition of the atmosphere surrounding the fruit resulting in a modified atmosphere

(MA) that can act as a barrier to gas exchange, especially for O,, CO,, and ethylene

(Amarante et al., 2001).



20

Chitosan can be modified as fruit and vegetable coating as it can form

semipermeable film to limit fungal decay and delay the ripening as reported in many

plants (Ampaichaichok et al., 2014; Jiang and Li, 2001; Jongsri et al., 2016; Petriccione

et al., 2015). Chitosan-montmorillonite (CTS-MMT) nanocomposites were developed by

Lertsutthiwong et al. (2012) to make them more effective as adsorbents and antimicrobial

material. CTS-MMT exhibited good dry adsorption efficiency and also inhibited the growth

of E.coli. Therefore, it could be applied as an antimicrobial coating and ethylene

absorbent during postharvest storage of fruit to prolong shelf life and maintain crop

quality. Montmorillonite, together with chitosan, could become an effective fruit coating to

utilize in the fruit export industry. Moreover, loss of quality and shelf life of banana fruit due

to postharvest diseases during postharvest storage is a serious problem of exported

banana fruit that causes a reduction in the economic value of fruit during storage,

transport, and marketing period. Fungicides, either preharvest or postharvest treatments,

were used to reduce losses from postharvest disease. However, their uses were

increasingly restricted due to public concerns over toxic residues. Thus, developing

integrated postharvest technologies to maintain overall banana fruit quality during the

export and marketing periods is necessary.

Montmorillonite is an alternative low-cost adsorbent which is a clay mineral with

high surface areas. Chitosan-montmorillonite (CTS-MMT) nanocomposites developed by

Lertsutthiwong et al. (2012) were very effective as adsorbent and antimicrobial material
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and exhibits good dry adsorption efficiency, and also inhibits the growth of E. coli.

Therefore, in this research, CTS-MMT was applied as an antimicrobial coating and

ethylene absorbent during postharvest storage of banana fruit to prolong shelf life and

maintain fruit quality. Montmorillonite, together with chitosan, could become an effective

fruit coating due to chitosan’s natural cationic, nontoxic, and antimicrobial properties and

montmorillonite as adsorbent property.

To date, chitosan-montmorillonite nanocomposites have never been applied as

fruit coating, especially in ‘Hom Thong’ banana which is an important export cultivar. Thus,

the framework of this study was to develop a chitosan coating combined with chitosan-

montmorillonite nanocomposites to prolong shelf life and maintain the quality of ‘Hom

Thong’ banana fruit which help to increase the economic value of exported ‘Hom Thong’

banana. Physiological and biochemical parameters of banana fruit were also be analyzed

to better understand the effect of chitosan-montmorillonite nanocomposites on fruit

responses during storage.



22

Objectives

1. To develop an effective coating by using chitosan combined with chitosan-

montmorillonite nanocomposites for prolonging the shelf life of ‘Hom Thong’ banana

2. To determine the effects of chitosan combined with chitosan-montmorillonite

nanocomposites coating on postharvest qualities, physiological characteristics, and

anthracnose disease on banana fruit

Expecting benefits

The obtained banana coating developed in this finding can be applied for banana shelf-

life extension in commercial production.

Contents of the thesis

1. Literature reviews

2. Effects of chitosan coating on physiological responses of banana fruit during storage

at25+2°C

3. Determination of the appropriate chitosan coating containing chitosan-

montmorillonite nanocomposites to prolong the shelf life of banana during storage

4. Determination of anthracnose disease development in banana fruit coated with

chitosan and chitosan containing chitosan-montmorillonite nanocomposites

5. Results and discussions

6. Conclusions
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CHAPTER I

LITERATURE REVIEWS

2.1 Banana

Banana belongs to the family of Musaceae originated in Southeast Asia. There are

several cultivars, and the main genome groups are AA, AB, AAA, AAB, and ABB. Almost

all the edible bananas come from the two wild species Musa acuminata (AA) and Musa

balbisiana (BB) (Singh et al., 2014). ‘Hom Thong’ banana (Musa acuminata) belongs to

AAA Group and Gros Michel subgroup; it is a significant tropical fruit crop in Thailand

(Daungban et al., 2017).

Banana provides a good source of nutrients and energy. It contains

carbohydrates, sugar, protein, lipid, and minerals (Florent et al., 2015). Banana is a

climacteric fruit that increases respiration rate and ethylene production during ripening

(Prasanna et al., 2007). After harvest, biochemical processes in banana fruit are changed

rapidly, and fruit is developed to ripening during storage. These changes influence its

appearance, texture, flavor, and nutritive value. After harvest, the water content of banana

fruit is reduced; thus, fruit face shriveling and weight loss leading to the reduction of

marketable weight and their visual quality. In addition, banana is very susceptible to the
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pathogens; thus, the pathogenic infections usually occur during storage, and the

attraction of microorganisms can advance the rapid deterioration of fruit (Lim et al., 2002).

2.1.1 Anthracnose of banana

Anthracnose, the most postharvest disease of bananas globally, is caused by

Colletotrichum musae. The disease brought about the loss of marketable value up to 30-

40% per year (Ranasinghe et al., 2003). Anthracnose is a latent infection, it invades the

immature fruit in the field, but the disease symptoms appear at the ripening stage.

However, If the fruits get wounding, the disease can develop before ripening (Meredith,

1960). Anthracnose symptoms caused the sunken covered with salmon-colored brown

lesion area as shown in Figure 1 (Lim et al., 2002).

Figure 1. Anthracnose symptoms of banana caused by Colletotrichum musae
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2.1.2 Physicochemical and physiological changes during banana ripening

2.1.2.1 Fruit softening

Fruit softening is a significant change during ripening. The degradation of starch
leads to a texture change and softening. Finney Jr et al. (1967) reported that loss of
firmness related to the chemical structure of starch grain changes which showed a
decrease during ripening. In addition, fruit softening is closely linked with cell wall
component changes, which are composed of polysaccharides including pectin,
hemicellulose, and cellulose (Figure 2) (Keegstra, 2010). Among polysaccharides, pectin
is the most abundant in plant cell wall matrix and middle lamella (Malinovsky et al., 2014).
Kojima et al. (1994) found that banana fruit softening was associated with decreasing
pectin and hemicellulose content. Numerous studies reported that water-insoluble pectin
was converted to soluble pectin when the ripening was in progress (Amnuaysin et al.,

2012; Liu et al., 2016).
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Figure 2. Cell wall structure in plant cell

(Malinovsky et al., 2014)



26

The pectate lyase (PL) and polygalacturonase (PG) enzymes are known as pectin

degrading enzymes. However, these two enzymes have a different way of hydrolyzing a

substrate. PL is the pectin depolymerizing enzyme that acts by cleaving a-1,4-

galacturonosidic linkages of PGA (polygalacturonic acid) via the B-elimination reaction, a

key component in pectin. It is then producing 4,5-unsaturated oligogalacturonates at the

nonreducing end of the cut pectin chain. In this reaction, PGA was added as the substrate

in the activity analysis, and unsaturated oligogalacturonide was produced in the reaction.

Differently, PG randomly hydrolyses a-1, 4-glycosidic linkages of pectin or

polygalacturonic acid chains, producing free galacturonic acid (Prasanna et al., 2007).

2.1.2.2 Carbohydrates

Starch is accumulated in banana fruit about 20-25% of fresh weight (FW), and it

was converted rapidly to sugar during ripening. Green banana contains sugar only 1-2%

of FW and can be reached up to 15-20% at ripening (Maduwanthi and Marapana, 2017).

The sugar content of ripening fruit is mainly sucrose, glucose, and fructose. (Adao and

Gloria, 2005). Glucose is the predominant sugar of bananas followed by fructose and

sucrose (Florent et al., 2015).
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2.1.2.3 Peel color

During ripening, banana peel changes from green to yellow. The essential

substances related to color development in the peel are chlorophyll and carotenoids

(Subagio etal., 1996). Itis a significant indicator to determine the ripening (Li et al., 1997).

The external appearance of banana fruit is associated with chlorophyll and carotenoid

content. Moreno et al. (2020) exhibited that chlorophyll content in banana peel decreased

during ripening, and carotenoid increased. The chlorophyll degradation correlated with

chlorophyllase enzyme, which is a part of the chlorophyll degradation system in the initial

step (Win et al., 2006).

2.1.2.4 Flavor

Flavor is one of the parameters changing during ripening. The increase of soluble

solids and volatiles compound and the decrease of acids content are typically observed

during ripening process. The sweetness of fruit mainly due to the hydrolysis of starch to

sugar (Adao and Gloria, 2005). Boudhrioua et al. (2003) reported that sugar content and

volatiles in banana pulp increase during ripening, while organic acids and phenolic

compounds decrease. Volatile compounds play a role in determining banana flavor. Pino

and Febles (2013) reported that the volatile compositions of AAA group banana fruit

include 75 esters, 18 ketones, 14 phenols and derivatives, 13 alcohols, 7 aldehydes, 7
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acids, and 12 miscellaneous compounds. Among compounds, ester has been found to
be a dominant substance in the aroma of fully ripe banana (Marriott and Palmer, 1980).

2.1.2.5 Ethylene production

Ethylene is a phytohormone that is a major factor correlated with the climacteric
fruit ripening process. It plays a role in the initiation of ripening and senescence. Ethylene
is an autocatalytic synthesis hormone, and it can trigger the ripening process in many
fruits such as mango (Jongsri et al., 2016; Wannabussapawich and Seraypheap, 2018)
and banana fruit (Thakur et al., 2019). Ethylene biosynthesis, the first step started by
conversion of S-adenosylmethionine (SAM) to 1-aminocyclopropane carboxylic acid
(ACC) by ACC synthase enzyme. The produced ACC is then oxidized to ethylene by the

ACC oxidase enzyme (Figure 3).

Triggers changes in

/V TEXTURE

SAM————®» ACC ———® C;H, —»COLOUR Fruit
ACC T ACC ripening
synthase oxidase TASTE

Feed back

Figure 3. Ethylene biosynthesis pathway related to fruit ripening

(Prasanna et al., 2007)
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2.2 Edible coatings/films

Edible coatings and films are traditionally used to cover fresh produce such as
vegetables and fruit to prolong their shelf life (Bhardwaj et al., 2019). Coatings/films
provide the barrier that coats the stomata leading to reduce moisture and gas
transmission such as O,, CO, and ethylene (Butler et al., 1996). The main purposes of
fruit coating are to reduce its respiration rate, ethylene production, microbial growth,
physiological disorders and maintain fruit firmness (Cakmak et al., 2018). Coatings are
defined as a thin layer (< 0.3 mm) of film, and it may be consumed together with food;
thus, it could be eaten. Numerous materials had been made from natural resources such
as polysaccharides, lipid, and protein materials. In recent years, coating materials have
been combined with other substances for developing their properties. Duran et al. (2016)
found that strawberry-coated chitosan, nisin, and natamycin could maintain fruit qualities.
Li et al. (2019) also reported that guava coated with chitosan and alginate could reduce

the disease severity of fruit and extend its shelf up to 20 days.
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2.2.1 Chitosan

Chitosan, poly-(B-(1-4)-D-glucosamine), is a polysaccharide obtained from the

deacetylation of chitin, and it can be extracted from crustacean shells and fungal cell wall.

Chitin, poly-(B-(1-4)-N-acetyl-D-glucosamine), which proceeded with deacetylation

reaches up to about 50% is defined as chitosan (Hirano et al., 1977). The different

structures of chitosan and chitin were shown in Figure 4. Chitosan material has been

widely used in the food industry because it is a non-toxic, biocompatible, biodegradable

polysaccharide and reasonable price (Yang et al., 2014). Chitosan coating was reported

to reduce respiration rate, which degrades the organic compound accumulation in fruit,

leading to prolong its shelf life such as apple (Qi et al., 2011), litchi (Lin et al., 2011), and

mango (Jongsri et al., 2016).
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Figure 4. The structure of chitin (B-(1-4)-N-acetyl-D-glucosamine) and chitosan

(Nilsen-Nygaard et al., 2015)
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Generally, chitin is extracted from crustacean shells such as crab and shrimp
shells via acid treatment followed by alkaline treatment. The steps of chitin extraction
compost of 3 major steps: demineralization, deproteinization, and depigmentation (Figure

5) (Kumar et al., 2019).

Acidic solution \

Alkaline solution

Alkaline solution /

Deacetylation

Figure 5. Preparation of chitosan from crustacean

(Kumar et al., 2019)
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2.2.1.1 Properties of chitosan

Degree of deacetylation (DD): DD of chitosan indicates the number of amino
groups (-NH,) in the polymer chains. The deacetylation is resulting in a copolymer of N-
acetyl-glucosamine and D-glucosamine. The copolymer forms that compost D-
glucosamine more than 50% are defined as chitosan (Hirano et al., 1977). DD has been
reported to affect chitosan properties such as solubility, charge, mechanical, thermal, and
barrier properties (Paul et al., 2015). Previous studies reported that chitosan film prepared
with 92.3% DD had better barrier and mechanical properties than 78.9% DD chitosan
(Kim et al., 2006). In addition, Zhuang et al. (2019) supported that the films prepared with
85.2% DD chitosan had better water vapor properties and tensile strength than 81.0% DD

chitosan.

The molecular weight (MW): MW of chitosan is also reported to influence its
properties. Jongsri et al. (2016) reported the effects of MW chitosan on their coating
properties. They found that chitosan with MW of 360 kDa had the highest viscosity and
the highest thickness resulting in delaying the ripening of mango fruit compared to the
chitosan solution of 270 kDa and 40 kDa. Zhong et al. (2019) also reported that chitosan
film with increased MW increased surface tension and contact angle. Moreover, when
increased, the MW, water vapor barrier property, and tensile strength of the film were

improved. The viscosity of chitosan solution is also affected by its MW and concentration.
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The solution with high concentration and high MW results in high viscosity (Jongsri et al.,

2016; Zhong et al., 2019).

Antimicrobial Properties: Chitosan has been found to act against pathogens such

as bacteria and fungus which causing plant disease. Chitosan has been used as a fruit

coating since it can form semipermeable film to limit fungal decay. It was found to strongly

inhibit Alternaria kikuchiana Tanaka and Physalospora piricola Nose mycelial growth in

pear fruit (Meng et al., 2010) and Fusarium oxysporum in potato (Ren et al., 2021). In

addition, chitosan effectively enhanced the activities of chitinase and -1,3- glucanase

and retard mango ripening (Jitareerat et al., 2007; Jongsri et al., 2017). Limon et al. (2021)

found that mango fruit coated with chitosan solution also reduced the size of C.

gloeosporioides lesions compared to uncoated mango. Chitosan coating also delayed

the activities of chitinase (CHI), peroxidase (POD), and polyphenol oxidase (PPO), which

preventing flesh browning as well (Jiang and Li, 2001; Meng et al., 2010). In addition,

chitosan also reinforces the microbial defense mechanism by delaying the reduction of

total polyphenol, anthocyanin, and flavonoid contents and enhancing catalase (CAT) and

ascorbate peroxidase (APX) activities (Petriccione et al., 2015). Additionally, chitosan acts

as a natural elicitor that can induce plant defense mechanisms and decrease the severity

of disease symptoms (Bautista-Banos et al., 2003; Jongsri et al., 2017). These specific

properties of chitosan may depend on its type, degree of deacetylation, and molecular
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weight. The previous report revealed that the antimicrobial activity increased with the
molecular weight of chitosan increase (Kulikov et al., 2006).

2.3 Addition of nanoparticles in the edible coatings and films

Edible coatings and films have been developed to increase the effectiveness of
postharvest technology. Chitosan solutions are the proper material for embedding various
nanoparticles. Numerous studies have attempted to incorporate nanocomposites into
chitosan coatings and films. Yadav et al. (2021) found that the addition of zinc oxide
nanoparticles to chitosan-based films enhanced its mechanical properties and increased
the water vapor barrier value of the film.  Additionally, antioxidant and antibacterial
properties of films were reported when gallic acid was loaded in the films. Also, Kumar et
al. (2020) developed edible coating by adding zinc oxide nanoparticles in chitosan matrix.
According to the results, edible films were significantly against Escherichia coli and
Staphylococcus aureus. Both microbials were also reported in the study of Xing et al.
(2020), in which titanium dioxide (TiO,) nanoparticles (NPs) were combined with chitosan
film and had an effect of exhibiting their growth. In addition, the combination coating
exhibited excellent physical properties. Salama and Aziz (2020) also reported that
chitosan film enriched with titanium oxide nanoparticles and carboxymethyl cellulose

could improve thermal properties and enhanced antimicrobial activity. Additionally, green
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bell paper coated with this solution had a longer shelf life and lower mass loss than
uncoated fruit.

2.4 Montmorillonite (MMT)

Montmorillonite is a natural clay with fine white powder (Figure 6). Its structure
consists of tetrahedral silica sheets layered between the alumina octahedral sheets and
the interlayer containing Na” or Ca", which can be exchanged with cation ions (Figure 7).
MMT has the ability in absorption property, cation exchange capacity, and drug delivery
(Wang et al., 2008). The modification of MMT results in swelling of clay galleries; thus, it
improves the polymer chain intercalation in the polymer matrix (Xia et al., 2019). Inorganic
ions in the clay can be replaced by cations ions such as Ni, Co, and Zn. In addition, it can
be replaced by organic cationic molecules such as chitosan via cation-exchange

reactions (Hoidy et al., 2010).

Figure 6. Sodium-montmorillonite powder
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Figure 7. Structure of montmorillonite

(Kurecic and Smole, 2012)

Montmorillonite (MMT) is a nano-materials which have been widely used to
improve many properties of polymers. Numerous studies reported that it could improve
the gas barrier property of PET film (Ke and Yongping, 2005), improve mechanical and
water vapor of alginate film (Alboofetileh et al., 2013). Moreover, montmorillonite is well
known for its low cost and low toxicity. It has been widely used in the food, medicine, and
chemical industry in drug delivery (Joshi et al., 2009; Salcedo et al., 2012). In addition,
montmorillonite combined with silver could prolong the shelf life of fresh fruit (Costa et al.,
2011). Lertsutthiwong et al. (2012) developed chitosan-montmorillonite (CTS-MMT)
nanocomposites improving their properties as adsorbents and antimicrobial material.
Produced CTS-MMT nanocomposites exhibited a good dry adsorption efficiency, also

inhibited the growth of E.coli. Therefore, it might be applied as an antimicrobial coating
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and ethylene absorbent during postharvest storage of fruit to prolong shelf life and

maintain crop quality (Rhim et al., 2006). Montmorillonite has been reported to incorporate

with other compounds such as lactobiopolymer and starch, resulting in maintaining fruit

firmness and quality of fresh-cut carrot (Guimaraes et al., 2016) and strawberry

(Junqueira-Goncalves et al., 2017). Neji et al. (2020) reported that the exfoliated nanoclay

in the chitosan matrix also increased their mechanical strength.

2.5 Nanoclay Polymer Composites

Polymer nanoclay composites are the interaction of polymer matrix with the nano-

plates of clay. Among nano-plates, MMT is wildly used for dispersion in the polymer

matrix. There are 3 different types of nanocomposites: conventional composites

(microcomposites), intercalated nanocomposites, and exfoliated nanocomposites (Figure

8) which depend on the process conditions and the interaction between layered silicate

and the polymer matrix.

2.5.1 Conventional composites (Microcomposites): The nanoclay retain their

original structure in the poly matrix. The polymer chains are unable to penetrate the

nanoclay galleries.

2.5.2 Intercalated nanocomposites: The layers of nanoclay are inserted by the

polymer chains, resulting in expanded d-spacing. The characteristic peak displacement

to lower angles represents intercalating of these nanosheets.
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2.5.3 Exfoliated nanocomposites: The layers of nanoclay are completely

separated and randomly distributed in the poly matrix. The characteristic peak

disappears in the diffraction pattern of these nanocomposites (Usuki et al., 2005).

Polymer Organoclay
—_—
—
_—
Conventional @ — Exfoliated
microcompos

ite nanocomposite
Intercalated
nanocomposite
Q

Figure 8. Schematic view of different groups of composites

(Usuki et al., 2005)
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CHAPTER III

MATERIALS AND METHODS

3.1 Materials

3.1.1 Plant material

Banana fruit (Musa acuminata Colla (AAA group) cv. Hom Thong) were harvested

after flowering 70-80 days from a commercial orchard in Pathumthani province, Thailand.

After harvesting, fruit were transferred immediately to the laboratory within 2-3 h and

selected for uniformity in size, color, shape, and lack of noticeable defects. Then, banana

hands were separated into individual fruit, washed with running tap water, and dried at

room temperature.

3.1.2 Chitosan material

The different molecular weight of shrimp chitosan materials (food grade) was

purchased from Marine Bio Resources Co., Ltd. with degree acetylation of 90% and

molecular weight of high molecular weight chitosan (HMW-CTS: 540 kDa), medium

molecular weight chitosan (MMW-CTS: 265 kDa), and low molecular weight chitosan

(LMW-CTS: 65 kDa).
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3.1.3 Sodium montmorillonite material

Sodium montmorillonite used in this experiment was purchased from Southern Clay
(Perry Hall, MD, USA), which has a cation-exchange capacity of 71 meqg/100 g and a zeta

potential of 39.3 mV.

3.2 Methods
3.2.1 Effects of different molecular weights of chitosan coating on physiological
responses of banana fruit during storage at 25 £ 2 °C

3.2.1.1 Preparation of derived CTS films

All chitosan solution was prepared by dissolving chitosan in 0.5% acetic acid at
the concentration of 1% w/v. To prepare CTS films, 150 mL of chitosan solution was
poured into an acrylic tray (21 cm x 29 cm x 0.5 cm) and then dried at room temperature.
The obtained films were neutralized by soaking in 4% (w/v) NaOH for 20 min and
repeatedly rinsed with distilled water. The processed films were dried and stored in a
desiccator before further analysis.

3.2.1.2 Water vapor transmission rate (WVTR)

WVTR values of the film were determined according to the method based on ASTM
E 96/E6M-16 (ASTM D 3985, 2002) using a water vapor permeation tester (Labthink model
W3/031). The film in each treatment was tested at the same condition at 38 °C and 90%
RH with 3 replications. Its weight was recorded every 20 min for 8 h. WVTR was reported

as g/mZday.
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3.2.1.3 Oxygen gas transmission rate (OTR)

OTR values of the film were measured according to the method based on ASTM
D 3985-17 using an oxygen permeation tester (lllinois model 8001L). The test was
performed at 23 °C and 0% RH condition with 3 replications. The OTR was reported as

ce/m’ day.

3.2.1.4 Coating treatments

All chitosan treatments (1% w/v) were prepared following the same preparation
method as the coating solution in 3.2.1.1, and 0.5% acetic acid was set as the control
group. After being cleaned and air dried, the fruit was dipped in each treatment for 1 min,
and it was then air-dried and stored at 25 + 2 °C (80% RH) for 15 days. The treatment

was performed as describe followed:

Treatment 1: Distilled water

Treatment 2: 0.5% (v/v) acetic acid solution plus with 0.1% (w/v)

tween® 80

Treatment 3: LMW-CTS plus with 0.1% (w/v) tween” 80

Treatment 4: MMW-CTS plus with 0.1% (w/v) tween® 80

Treatment 5: HMW-CTS plus with 0.1% (w/v) tween” 80
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The experiment was arranged in a Completely Randomized Design (CRD) with 4

replications, and each replication was comprised of at least 2 samples. Fruit was analyzed

on days 0, 9, 12, and 15 of storage time.

3.2.1.5 SEM analysis

The chitosan-coating film was measured for thickness and anatomical

characteristics of the covered surface on banana peel using a scanning electron

microscope (FEI Quanta 250 ESEM, Netherlands) with the voltage set at 10 kV.

3.2.1.6 Respiration rate and ethylene production

Respiration rate and ethylene production determinations were performed

following the method described by Jongsri et al. (2016). After weighted, the individual

banana fruit in each treatment was kept in a 2.4 L jar and sealed with a rubber septum

under a temperature at 25 °C for 1 h and 2 h for respiration rate and ethylene production

analysis, respectively. After incubation, 1 mL of the internal atmosphere was collected

using a syringe and injected into gas chromatograph (GC 7890B, 151 Agilent

Technologies, Inc., USA). The respiration rate was measured as CO, production and

expressed in mg CO,/kg/h. The ethylene levels were expressed as pL/kg/h.
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3.2.1.7 Weight loss

Fruit was weighted and recorded on day 0 and different record dates. Weight loss

(%) was calculated using a formula described by AOAC International (2000) as follows:

Weight loss (%)

[(W,-W,)/W.] x 100

W, = The initial weight on day O

W, = The final weight

3.2.1.8 Total soluble solids content

Total soluble solids content was analyzed using a hand refractometer (N-1E,
Japan) following Allegra et al. (2017). Five grams of banana were homogenized with 10
ml distilled water; then, it was centrifuged at 8,000 rpm for 5 min. The supernatant was

determined as °Brix and calculated following this formula:

Total soluble solids = °Brix x 3 (dilution factor)

3.2.1.9 Peel color changes

Peel color of banana was measured on the same three regions of fruit firmness
measurement using a colorimeter (Color Reader CR-10, Konica Minolta Sensing, Inc.,

Japan). Color was express as Lightness (L) and Hue angle (h).
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3.2.1.10 Fruit firmness

Fruit firmness was measured using a penetrometer (Hardness tester FHM-1,
Takemura, Japan) at three regions of peel fruit (blossom end, middle, and stem end). Fruit

firmness was recorded as Newtons (N).

3.2.1.11 Water-soluble pectin

Water-soluble pectin method of Robertson (1979) was applied with some
modifications. One gram of banana peel was ground and homogenized in 4 mL of 95%
ethyl alcohol, then incubated in 85 °C water bath for 10 min. After incubation, the
homogenate was centrifuged at 10,000 x g, 20 °C, 15 min. The residue sediment was re-
extracted with 3 mL of 63% ethyl alcohol in 85 °C water bath for 10 min. After centrifuged
at 10,000 x g, 20 °C, 15 min, the residue was dissolved in 3 mL of distilled water as water-
soluble pectin. Pectin solution was centrifuged at 10,000 x g, 20 °C, 15 min, then 2 mL of
supernatant was mixed with 0.25 ml of 1N NaOH then added with distilled water to total

volume 5 mL and kept at room temperature 15 min before analysis.

In the analyzing method, 1 mL of supernatant was mixed with 5 mL of 0.0125M
Na,B,O, (dissolved in glacial sulfuric acid) then boiled in a water bath for 10 min. After
boiling, the reaction mixture was immediately moved on ice. Then, 0.1 mL of 0.3% m-
hydroxydipheny! (dissolved in 0.5% NaOH) was added and kept on ice for 15 min. The

reaction mixture was analyzed and calculated from the absorbance of 520 nm. The
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mixture using 1N NaOH instead of 0.3% m-hydroxydiphenyl was used as blank. Water-

soluble pectin content was compared to the standard curve of D-galacturonic acid and

reported as ug/g FW.

3.2.1.12 Cell wall enzymes

Cell wall enzyme extraction was performed according to Lohani et al. (2004)

method with some modifications. Briefly, 1 g of banana peel was grounded in liquid

nitrogen to powder and homogenized with 5 mL of extraction buffer containing 0.2M

Sodium phosphate buffer pH 7.0, 0.2M Cysteine-HCI, 0.2M EDTA, and 1% TritonX-100.

The homogenate was then centrifuged at 15,000 x g 4 °C for 30 min, clearly supernatant

was applied in PG and PL activities assay.

Assay of pectate lyase (PL) activity: PL activity was assayed using the method of

Moran et al. (1968). The reaction mixture, a total of 1 mL contained 200 uL of 0.02M

sodium acetate buffer (pH 4.5), 0.3 mL of 1% polygalacturonic acid (PGA, aqueous

solution adjusted to pH 4.5), 0.4 mL of distilled water, and 0.1 mL of extraction sample.

After the vortex, the mixture tube was incubated at 37 °C for 30 min, and then the reaction

was stopped by boiling in the water bath for 2 min. The PL activity was measured using a

spectrophotometer at the absorbance of 235 nm. D-galacturonic acid was applied as the

standard. The reaction mixture without extraction sample (0.02 Sodium acetate buffer pH
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4.5 was used instead of extraction sample) was defined as blank. The PL activity was

expressed as units/mg protein.

Assay of polygalacturonic acid (PG) activity: Polygalacturonic acid activity assay

was adjusted from Pathak and Sanwal (1998). The activity was assayed in a mixture

containing 0.2 mL of 0.2M sodium acetate buffer (pH 4.5), 0.3 mL of 1% polygalacturonic

acid (PGA, aqueous solution adjusted to pH 4.5), 0.5 mL of extraction sample in a total

volume of 1mL. After mixing, the reaction mixture was incubated at 37 °C for 1 h followed

by the addition of 0.5 mL 3,5-dinitrosalicylate reagent (DNS). After that, the reaction was

stopped by boiling in the water bath for 5 min; then, it was cooled at room temperature.

PG activity was calculated from reaction product as saturated oligo-galacturonates

absorbs at 520 nm compared with standard curve using D-galacturonic acid. One unit

enzyme is defined as the amount of PG enzyme required for liberating 1 umol of

galacturonic acid per min. The PG activity was expressed as units/mg protein.
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3.2.1.13 Hydrogen peroxide (H,0,) content

The H,0, content was determined following the method described by Junglee et
al. (2014). A 0.1 g of banana pulp powder was homogenized with 1 mL of a cold solution
containing 0.25 mL of 0.1M potassium phosphate buffer (pH 7.0), 0.5 mL of 1M Kl, and
0.25 mL of 1% TCA. The homogenate was centrifuged at 10,000 x g at 4 °C for 15 min;
the supernatant was kept for further analysis. At the same time, control was prepared with

distilled water instead of KI.

The analysis of H,0O, content, the supernatant was collected for 200 pL and placed
in UV-microplate wells (protect from light) and incubated at room temperature for 20 min
in darkness. The solution was then measured at 350 nm using a microplate reader
(SpectraMax” M3, Molecular Devices, LLC., USA). The H,O, content was calculated and

compared with H,O, standard prepared in 0.1% TCA and expressed as mmol/g FW.

3.2.1.14 %DPPH inhibition

DPPH assay was adapted from Choi et al. (2006). A 0.3 g of banana pulp powder
was homogenized in 1.2 mL of cooled 80% ethanol. The homogenate was centrifuged at
9,000 x g, 4 °C for 10 min. The reaction mixture contained 25 uL of the extraction sample
and 175 uL of 0.2mM DPPH (dissolved in 80% ethanol). The mixture solution was
incubated under darkness for 10 min at room temperature before measuring the

absorbance at 520 nm using a microplate reader (SpectraMax® M3, Molecular Devices,
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LLC., USA). Ethanol (80%) was used instead of extraction sample serve as control and
using pure 80% ethanol as the blank solution. The percentage of the DPPH radical

inhibition can be calculated using the following expression:

[(Abs. Abs. )/Abs. 1% 100

DPPH Iﬂhlbltlon (%) control *sample

3.2.1.15 Malondialdehyde (MDA) content

MDA content was extracted according to the modified method described by
Dhindsa and Matowe (1981). A 1 g of banana pulp was ground in liquid nitrogen to the
powder then, and it was homogenized with 4 mL of 0.1M potassium phosphate buffer (pH
6.8) as extraction buffer. After centrifugation at 10,000 x g, 4 °C for 15 min, the supernatant

was collected and stored at 4 °C for analysis in MDA level.

MDA content was analyzed using the method described by Wang et al. (2015)
with some modifications. The reaction mixture containing 0.6 mL of extraction sample and
0.6 mL of 0.5% 2-thiobarbituric acid (TBA, dissolved in 15% trichloroacetic acid (TCA))
was heated at 100 °C for 20 min and cooled on ice immediately. After cooling, the mixture
was then centrifuged at 10,000 x g for 10 min. The clear solution was recorded at the 3
different absorbances, including 450, 532, and 600 nm, and it was calculated as pymol/g

fresh weight (FW) by using this formula:

MDA content 6.45(As5,-Agy0) - 0.56(A )
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3.2.1.16 Disease severity

Disease severity was recorded as a visual estimation of % fruit area which scored

following the method described by Pedroso et al. (2011) as followed:

0 = No disease

1 =1-2% disease

2 = 5% disease

3 =10% disease

4 = 20% disease

5 =40% disease

6 = 60% disease

7 = More than 80% disease

3.2.1.17 Total protein assay

Total protein assay was modified from Bradford (1976). The reaction mixture,

including 38 uL of Bradford dye (BioRad), was added with 152 pL of distilled water and

10 pL of extraction sample. The reaction was kept in darkness at room temperature for 5

min (the stability of the reaction 5-60 min), and the mixture was measured using the

absorbance of 595 nm. Total protein was calculated to compare with bovine serum

albumin (BSA) standard protein and express in mg protein/mL.
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3.2.1.18 Statistical analysis

The data were subjected to statistical analysis using one-way ANOVA. The means

were compared using Duncan’s multiple range tests at a significance level of 0.05 using

SPSS software.
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3.2.2 Production of Chitosan-montmorillonite (CTS-MMT) nanocomposites

CTS-MMT nanocomposites were produced via an ion exchange reaction using

the method described by Lertsutthiwong et al. (2012) with -some modifications. A 1% (w/v)

of MMT powder was suspended in distilled water and stirred for 30 min. Then, 2% (w/v)

chitosan (65 kDa) solution (dissolved in 1% acetic acid) was slowly added (100 mL/h) to

MMT suspension under stirrer at room temperature using a peristaltic pump (SP-

MiniPump, Baoding Shenchen Precision Pump Co., Ltd, China) to obtain the ratio of 2: 1

(Chitosan: MMT). After continuously stirred at 1,000 rom for 60 min, the resultant mixture

was then centrifuged at 6,000 x g for 10 min. The precipitate was then washed with

distilled water twice for removal of the excess chitosan. Finally, it was dried at 70 °C

overnight before powdering using a pistil and mortar, then sifted through a sieve size of

200 mesh.



52

3.2.3 Determination of the appropriate chitosan coating containing chitosan-
montmorillonite (CTS-MMT) nanocomposites to prolong shelf life of banana during
storage at 25 + 2 °C

3.2.3.1 Preparation of coating solution and treatment

Chitosan powder (540 kDa and degree acetylation of 90%) was dissolved in 0.5%
(v/v) acetic acid at the concentration of 1% (w/v), and it was then shaken at 150 rpm
overnight. After that, 0.1% tween 80“was added following CTS/MMT powder at the various
concentrations (0%, 1%, 2%, and 4% w/v) under stirring for 1 h then stored at room

temperature 2 h for removing bubbles before using.

Coating treatment, banana fruits were groups into 5 groups (5 treatments) with
120 fruits per group. In each group, fruit were dipped in the solution for 1 min as described

below:

Treatment 1: Distilled water (D.W.)

Treatment 2: CTS (CTS)

Treatment 3: CTS + 1% CTS-MMT (1% CTS-MMT)

Treatment 4: CTS + 2% CTS-MMT (2% CTS-MMT)

Treatment 5: CTS + 4% CTS-MMT (4% CTS-MMT)
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After treatment, fruit was then air-dried at room temperature and placed in the

bucket with shredded paper before storing at 25 + 2 °C (80% RH).

3.2.3.2 Scanning Electron Microscopy (SEM) analysis of coated thin film

After treatment, film surface morphology was observed under a scanning electron

microscope (FEI Quanta 250 ESEM, Netherlands). The chitosan film samples were cut

and observed with a voltage set at 10 kV.

3.2.3.3 Weight loss

Weight loss of fruit was determined as previously described in 3.2.1.7.

3.2.3.4 Fruit firmness

Fruit firmness was measured at 3 points in each fruit using a penetrometer

(Hardness tester FHM-1, Takemura, Japan) and calculated as previously described in

3.2.1.10.

3.2.3.5 Total soluble solids (TSS) content

TSS content was analyzed using a hand refractometer (N-1E, Japan) and

calculated as previously described in 3.2.1.8.

3.2.3.6 Peel color changes

Peel color was determined at 3 regions in each fruit and reported as previously

described in 3.2.1.9.
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3.2.3.7 Respiration rate and ethylene production

Respiration rate and ethylene production determinations were performed

following the method described by Jongsri et al. (2016) as previously described in 3.2.1.6.

3.2.3.8 Malondialdehyde (MDA) content

The method for determining the MDA content in bananas was extracted as
described by Dhindsa and Matowe (1981) with some modifications as previously

described in 3.2.1.15.

3.2.3.9 Electrolyte leakage (EC)

EC of banana peel was measured according to the method described by Anthony
et al. (2017). The banana peel was cut into the size of 1 cm x 1 cm and soaked in 18 mL
distilled water in a test tube. After incubation at room temperature for 2 h, the EC value
was measured and recorded as E,. The sample was then boiled for 20 min and cooled

immediately before EC measurement as E,. The EC value was evaluated using EQ:

EC (%) = (E/E,) x 100

3.2.3.10 %DPPH inhibition

%DPPH inhibition was evaluated by following the method of Choi et al. (2006) as

previously described in 3.2.1.14.
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3.2.3.11 Histological analysis

Histological analysis of banana pulp was observed using transmission electron

microscopy (TEM), and the banana tissue was prepared following the method described

by Umroong (2018). Banana pulp was fixed in 2.5% glutaraldehyde (in 0.1M sodium

phosphate buffer, pH 7.2) at 4 °C for 12 h and rinsed with 0.1M sodium phosphate buffer

(pH 7.2) three times. The samples were then fixed with 2% osmium tetroxide in distilled

water at room temperature for 2 h. After rinsing with distilled water three times (10 min per

time), the samples were dehydrated by gradient acetone concentrations (30%, 50%, 70%,

90%, and 100%) for 15 min each. The samples were infiltrated with acetone: Spurr's resin

(2:1, 1:1, 1:2 respectively) for 4 h at room temperature and infiltrated again with pure

Spurr's resin overnight. The samples were then placed in capsules contained embedding

medium and heated at 80 °C for 7 h. The specimens were cut as ultrathin sections (100

nm) and examined using a TEM (model HT7700, Hitachi, Japan).

3.2.3.12 Statistical analysis

Data of each parameter in each experiment were analyzed using one-way analysis

of variance (ANOVA), following by Duncan’s multiple range test (DMRT) using the IBM

SPSS Statistic software and using significance at the P < 0.05 level.
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3.2.4 Determination of the chitosan coating containing the various concentration of
CTS-MMT nanocomposites as the free-standing film
3.2.4.1 Preparation of free-standing film

Chitosan with a molecular weight of 540 kDa and degree acetylation of 90% (1%
w/v) was dissolved in 0.5% (v/v) acetic acid and shaking at 150 rpm overnight. After that,
0.1% tween 80° was added following CTS/MMT powder in various concentration (0%, 1%,
and 2% w/v) with stirring for 1 h. After bubbles were removed, material solution (100 mL)
was cast using a film block (21 x 29 x 0.5 cm). After drying at room temperature, the
obtained film was neutralized with 1mol/L NaOH solution for 20 min and rinsed with

distilled water before drying at room temperature.

3.2.4.2 Water contact angle (CA)

CA of the film was measured using a contact angle tester (Kruss/ DSA 10 MK2).
The film with a 4 x 4 cm size was placed on the plate tester, a drop of 5 yL distilled water
was placed on the film surface. The CA value was analyzed automatically using the

software.

3.2.4.3 Water absorption and water solubility

The fully dried film was cut into 5 x 5 cm size, and its initial weight was recorded
(W,); then, it was immersed in 20 mL of distilled water for 24 h. For water absorption

measurement, the soaking film was then absorbed the excess water by blotting with 2
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pieces of filter paper for 5 seconds, and its final weight was recorded (W,). The water

absorption (%) was calculated using the formula as following:

Water absorption (%) [(W,-W,)/W,] x 100

For water solubility measurement, the soaking film was dried at 100 °C for 24 h.
The dried film was then left in a desiccator for 30 min and weighed (W,). The water

solubility (%) was calculated following the formula as followed:

Water solubility (%) [(W,-W,)/W,] x 100

3.2.4.4 Water vapor transmission rate (WVTR)

WVTR values of the film were determined according to the method based on ASTM
E 96/E6M-16 (ASTM D 3985, 2002) using a water vapor permeation tester (Labthink model

W3/031) as previously described in 3.2.1.2.

3.2.4.5 Oxygen gas transmission rate (OTR)

OTR values of the film were measured according to the method based on ASTM
D 3985-17 using an oxygen permeation tester (lllinois model 8001L) as previously

described in 3.2.1.3.

3.2.4.6 Statistical analysis

The experiments were analyzed using SPSS software. The means were compared

using Duncan’s multiple range tests at a significance level of 0.05.
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3.2.5 Determination of the efficiency of chitosan coating containing chitosan-
montmorillonite (CTS-MMT) nanocomposites on development of anthracnose disease in
banana

3.2.5.1 Isolation of fungi

The fungal Colletotrichum musae was freshly isolated from infected banana fruit.
Pieces of anthracnose lesion tissue were surface-disinfected with 1% sodium hypochlorite
for 3 min, then rinsed with sterilized distilled water 3 times. The samples were placed on
potato dextrose agar (PDA) and 100 pg/mL of streptomycin. After incubation for 7 days,
growing mycelial were trans cultured on a new PDA medium. The isolation was then
identified based on their morphological and molecular technique by DNA sequencing.

The pure culture was maintained on a PDA medium.

3.2.5.2 Inoculation on banana fruit

For the inoculation, banana fruit was washed under running tap water and allowed
to air dry at room temperature. Fruit was surface sterilized by immersion in 70% ethanol
for 10 seconds. After drying at room temperature, banana fruit was wounded by inflicting
one 1-mm-deep wound in the three regions of each fruit with a sterile needle. Each wound
was inoculated with C. musae conidial suspension at 10° conidia/mL (10 yL/each wound).
After inoculation, the banana was incubated overnight before dipping in the solution

treatments.
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3.2.5.3 Preparation of coating solution and treatment

The appropriate coating solution from 3.2.4.1 was selected for the experiment (2%
CTS-MMT treatment). A chitosan (CTS) solution (1% w/v) was prepared by dissolved in
0.5% (v/v) acetic acid and shaker at 150 rpm overnight for complete dissolving. Then,
tween® 80 was added at 0.1% (v/v) for improving wettability. The preparation of 2% CTS-
MMT, after 1% CTS solution was prepared overnight, CTS-MMT nanocomposites powder
was added at a concentration of 2% (w/v) and stirred for 1 h. Then, air bubbles were

removed by standing at room temperature for 2 h.

Coating treatment, the banana fruit was dipped for 1 min in each treatment as

described below:

Treatment 1: inoculation with distilled water (D.W.)

Treatment 2: inoculation with C. musae + dipping in distilled water

Treatment 3: inoculation with C. musae + dipping in 0.5% (v/v) acetic

acid solution

Treatment 4: inoculation with C. musae + dipping in CTS solution

Treatment 5: inoculation with C. musae + dipping in 2% CTS-MMT

solution
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After treatment and air dry at room temperature, fruit were stored at 25 + 2 °C

(80% RH) for 9 days. The experiment was performed with a completely randomized

design (CRD) with 4 replications, and each replication consisted of at least 2 samples.

The samples were analyzed every 3 days.

3.2.5.4 Disease incidence

Disease incidence of banana means the percentage of banana infection

measured by counting the number of disease-infected fruit in each time point. The

percentage of disease incidence was calculated by using the following formula

(Sivakumar et al., 2002).

Disease incidence (%) = [(Number of banana infected)/(Total number of banana)] x 100

3.2.5.5 Disease severity

Disease severity was measured followed the method described by Vilaplana et al.

(2018). The diameter of the lesion area was measured, and disease severity was

expressed as mm of the lesion area.

3.2.5.6 Hydrogen peroxide (H,O,) content

The H,O, content was determined following the method described by Junglee et

al. (2014) as the method previously described in 3.2.1.10.
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3.2.5.7 %DPPH inhibition

DPPH inhibition analysis followed the method of Choi et al. (2006) as previously

described in 3.2.1.11.

3.2.5.8 Total phenolic content (TPC)

Banana pulp was ground into a powder, and then 1 g of the powder was
homogenized in cooled 70% ethanol. The samples were centrifuged at 4,750 x g, 4 °C for
15 min, and the supernatants were collected for further analysis. For analysis of the total
phenolic contents, the samples were measured using a modified Folin-Ciiocalteu method
(Musa et al., 2011). The reaction mixtures consist of 250 pL of the extracted samples and
250 pL of diluted Folin-Ciocalteu reagent. The mixtures were left for 5 min before 500 pL
of 7.5% sodium carbonate was added. They were then incubated in the dark condition at
room temperature for 90 min. After centrifuge at 5,000 x g, 25 °C for 10 min, absorbance
was measured at 765 nm using a microplate reader (Spectral\/lax® M3, Molecular Devices,
LLC., USA). A 70% ethanol addition instead of the extraction sample served as a blank.
The total phenolic content was calculated using gallic acid (GA) as the standard. The

result was expressed as mg GA/g FW.
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3.2.5.9 Ascorbic acid (AsA) content

The ascorbic acid content in banana pulp was determined using the
dinitrophenylhydrazine (DNPH) method of Shin et al. (2007). For extraction, 0.3 g of
banana powder was homogenized with 1.2 mL of 5% Metaphosphoric acid (in 2M acetic
acid). The homogenate was centrifuged at 17,600 x g, 4 °C for 15 min, and the
supernatant was collected for further analysis. For analysis, 600 uL of the extracted
sample was mixed with 10 pL of 2% 2,6-Dichlorophenolindophenol (DCIP) and incubated
at room temperature in a dark condition for 60 min. After incubation, 200 pL of 2% thiourea
(in 5% metaphosphoric acid) and 100 uL of 2% dinitrophenylhydrazine (DNPH) (in 4.5M
sulfuric acid) were added to the mixtures and then incubated at 60 °C for 2 h. The reaction
was stopped by placing the tubes in an ice bath for 5 min, then slowly adding 300 uL of
cooled 85% sulfuric acid. Absorbance was measured at 540 nm using a microplate reader
(Spectral\/lax® M3, Molecular Devices, LLC., USA). Adding 5% metaphosphoric acid
instead of the extracted sample was used as blank. The total AsA content was calculated

using a standard curve of ascorbic acid. The result was expressed as mg/g FW.
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3.2.5.10 Glutathione (GSH) content

The glutathione content was measured according to the method described by
Chotikakham et al. (2020) with slight modifications. Banana pulp powder (0.3 g) was
homogenized with 800 L of 5% of 5-sulfosalicylic acid at 4 °C, and the homogenate was
then centrifuged at 11,000 x g, 4 °C for 20 min. The supernatant was collected for
measuring GSH content. The reaction mixture containing 10 uL of the extracted samples,
54.5mM sodium phosphate buffer (pH 7.0), and 0.14% of 5,5'-dithio-bis (2-nitrobenzoic
acid) (DTNB). The reaction mixtures were incubated at room temperature for 5 min. The
absorbance at 412 nm was measured, and the GSH was calculated using a standard

curve of GSH.

3.2.5.11 Antioxidant enzyme activities

The ascorbate peroxidase (APX) enzyme was extracted following the method of
Hodges and Forney (2000) with slight modifications. Banana pulp was ground to a
powder, and 0.3 g of them was homogenized with 1.3 mL of extraction buffer containing
0.1M potassium phosphate buffer (pH 7.0), 1mM ascorbic acid (AsA), 1mM
ethylenediaminetetraacetic acid (EDTA), and 2.5% of polyvinylpolypyrrolidone (PVPP).
The homogenate was centrifuged at 10,000 x g, 4 °C for 15 min, and the supernatant was

collected for APX activity analysis.
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The activity of APX enzyme was determined using 200 pL of reaction mixture
consisting of 30 L of the extracted samples, 0.1M potassium phosphate buffer (pH 7.0),
1TmM AsA, 0.5mM EDTA, and 1mM H,O,. The decrease in AsA was observed at the
absorbance of 290 nm. The reaction mixture without AsA was set as blank (molar
extinction coefficient = 2.8 mM'cm™). The APX activity was expressed as U/mg protein
and calculated as follow:

(A A290/min) (Reaction mixure volume)
(2.8) (Extraction volume) (mg Protein /Extraction volume)

APX activity (U/mg Protein) =

3.2.5.12 Superoxide dismutase (SOD), Catalase (CAT), Glutathione reductase
(GR), and Dehydroascorbate reductase (DHAR) enzyme activities

The extraction was performed following the method described by Beers and Sizer
(1952). Banana pulp was ground to a powder under liquid nitrogen, and 0.3 g of the
powder was homogenized with 1.3 mL of extraction buffer containing 1 M potassium
phosphate buffer (pH 7.0), 2.5% PVPP, 4mM dithiothreitol (DTT), and 1 mM
phenylmethylsulfonyl fluoride (PMSF). After centrifuge at 10000 x g, 4 °C for 15 min, the

supernatant was collected for further analysis.
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Superoxide dismutase (SOD) activity was determined following the method

described by Deawati et al. (2017) with some modifications based on nitroblue tetrazolium

(NBT) reduction. The SOD activity was determined in 200 pL containing 50 pL of the

extracted samples, 83 uL of 0.1M potassium phosphate buffer (pH 7.0), 26.4 uL of 5 mM

EDTA, 2 pL of TmM riboflavin, 26 pL of 0.1M methionine, 12.6 uL of TmM NBT in microplate

wells. The microplate was irradiated under fluorescent light at 4,000 Ix, room temperature

for 15 min. The colorimetric activity was assayed by a microplate reader with an

absorbance of 560 nm. The reaction without riboflavin was set as blank, and the reaction

without extraction sample was set as control. The inhibition (%) of sample and SOD activity

was calculated by using the formula follow:

L (Abs. control — Abs. sample)
Inhibition (%) = X100
Abs. control

1/50
SOD activity (U/mg Protein) = MX Inhibition (%)

Catalase (CAT) activity was assayed according to Nakano and Asada (1987). The
activity was analyzed in a 200 pL reaction mixture consist of 40 uL of the extracted
samples, 0.1M potassium phosphate buffer (pH 7.0), and 1mM H,O,. The decrease in
H,O, was observed at the absorbance of 240 nm. The reaction without H,O, was used as
blank (molar extinction coefficient = 43.6 mM'cm™). The CAT activity was expressed as

U/mg protein and calculated as follows:

(A A240/min) (Reaction mixure volume)

CAT activity (U Protein) =
activity (U/mg Protein) (43.6)(Extraction volume) (mg Protein/Extraction volume)
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Glutathione reductase (GR) activity was assayed using the method described by
Chotikakham et al. (2020). The activity was determined using 200 uL containing 30 uL of
the extracted samples, 0.1M potassium phosphate buffer (pH 7.0), 1mM EDTA, 10mM
glutathione disulfide (GSSG), and 5mM B-Nicotinamide adenine dinucleotide 2'-
phosphate reduced tetrasodium salt hydrate (B-NADPH) (dissolved in 1% NaHCO.). The
NADPH decrease was observed at 340 nm (molar extinction coefficient = 6.2 mM_1cm_1),
and the reaction without NADPH was used as blank. The GR activity was expressed as

U/mg protein and calculated as follows:

(A A340/min) (Reaction mixure volume)

GR activity (U Protein) =
activity (U/mg Protein) (6.2) (Extraction volume) (mg Protein/Extraction volume)

Dehydroascorbate reductase (DHAR) activity was determined following the
method described by Chotikakham et al. (2020). The activity was assayed using 200 pL
of a mixture containing 20 pL of the extracted samples, 0.1M potassium phosphate buffer
(pH 7.0), 1M EDTA, 2mM Dehydroascorbic acid (DHA), 25 mM reduced glutathione
(GSH). The increase in the formation of ascorbate was observed at the absorbance of 265
nm (molar extinction coefficient = 14.7 ml\/l'ﬂcm’1), and the reaction without GSH was set

as blank. The DHAR activity was expressed as U/mg protein and calculated as follows:

(A A265/min)(Reaction mixure volume)

DHAR activity (U Protein) =
activity (U/mg Protein) (14.7)(Extraction volume) (mg Protein/Extraction volume)
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3.2.5.13 Statistical analysis

The experiments were performed using a completely randomized design (CRD),

and data were analyzed using SPSS software. The means were compared using Duncan’s

multiple range tests at a significance level of 0.05.
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CHAPTER IV

RESULTS

4.1 Effects of different molecular weights of chitosan coating on physiological
responses of banana fruit during storage at 25 + 2 °C
4.1.1 Chitosan properties

Chitosan used for this study was varied in molecular weights; high molecular

weight chitosan (HMW-CTS: 540 kDa), medium molecular weight chitosan (MMW-CTS:

265 kDa), and low molecular weight chitosan (LMW-CTS: 65 kDa). Chitosan

characteristics which were shown in Table 1 reveal that percentages of moisture contents

of chitosan powder were between 6-7% (LMW-CTS = 6.635 + 0.01%, MMW-CTS = 7.907

+ 0.02%, HMW-CTS = 7.798 + 0.25%) with degree of deacetylation (%DD) at 90%. All

chitosan powder could dissolve in 0.5% acetic acid more than 97%. HMW-CTS solution

had the highest viscosity, followed by MMW-CTS and LMW-CTS solution (85.6, 26.65, and

7.49 cps, respectively).
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4 1.2 Characterization of derived film

Chitosan coating solution was cast as a free-standing film for their
characterization, and the results were shown in Table 2. LMW-CTS obtained the highest
WVTR and OTR values (3384 + 82.6 g/m2 day and 1532.7 £ 32.0 mL/m* day, respectively)
compared to those of MMW-CTS (WVTR = 2560 + 14.4 g/m2 day; OTR=2.5+ 0.1 mL/m’
day, respectively) and HMW-CTS film (2666 + 0.0 g/m® day; 3.9 + 0.3 mL/m° day,
respectively). From these results, it was promising that MMW-CTS and HMW-CTS
solutions could form a thin film layer which caused the reduction of water and oxygen gas

transmission rates.

Table 2. Characteristics of derived films.

WVTR OTR
Chitosan (g/mzday) (mL/mZday)
LMW-CTS 3384.0 + 82.6° 1532.7 + 32.0°
MMW-CTS  2560.0 + 14.4° 25+0.1°
HMW-CTS  2666.0 + 0.0° 3.9+0.3°

*Values denoted by the same letter in the same column were not significantly different

according to Duncan’s Multiple Range Test (P < 0.05).
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4.1.3 Anatomical characteristics of the chitosan-coated surface of banana peel

On the initial day of treatment, the coating layer on banana peel was visualized

under a SEM microscope, and the cross-section images were shown in (Figure 9). Banana

peels of fruit coated with D.W. and acetic acid were seen without film coating, while all

chitosan-coated fruit expressed thin-film covered on the surface of banana peel (Figures

9A-B). A barely noticeable and thin film was observed on LMW-CTS coated fruit while

MMW-CTS coated fruit showed a thicker film and HMW-CTS coated fruit had the thickest

film, as indicated by the white arrow (Figures 9C-E).

The surface images of banana peel were presented in Figure 10, and the arrows

indicate the stomatal aperture (Figures 10A-B). The stomata obviously appeared on the

banana peels of D.W. and acetic acid-treated fruit, whereas the surface of chitosan-

coated banana peel expressed a homogenous coating. LMW-CTS coated peel had a thin

film layer on the surface, and the film was not sealed thoroughly on its peel (Figure 10C).

The film exhibited on LMW-CTS coated fruit did not differ from D.W. and acetic acid-

coated fruit (Figures 10A-B). On the other hand, MMW-CTS and HM-CTS coating

completely covered the stomata of the fruit (Figures 10D-E).
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Figure 9. SEM cross-section images of banana peel treated with various molecular

weights of chitosan coatings; (A) distilled water, (B) 0.5% (v/v) acetic acid, (C) LMW-

CTS, (D) MMW-CTS, and (E) HMW-CTS. The white arrows indicate chitosan film on

banana peel after coating on day 0.
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Figure 10. SEM surface images of banana peel treated with various molecular weights of

chitosan coatings; (A) distilled water, (B) 0.5% (v/v) acetic acid, (C) LMW-CTS, (D) MMW-

CTS, and (E) HMW-CTS. The white arrows indicate chitosan film on banana peel after

coating on day 0.
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4.1.4 Postharvest quality of banana during storage
4.1.4.1 Ethylene production and respiration rate

The respiration rate and ethylene production of banana fruit during storage at 25

+ 2 °C were observed for 15 days and shown in Figure 11. As a result, the respiration rate

of fruit coated with D.W., 0.5% acetic acid, and LMW-CTS treatments reached the

climacteric peak on day 9 of storage. In contrast, fruit coated with HMW-CTS and MMW-

CTS had a delayed climacteric peak on day 12 of the storage period. HMW-CTS coating

group had the lowest respiration rate on days 9 and 15 of storage (Figure 11A). The

ethylene production showed a similar trend with respiration rate, fruit coated with MMW-

CTS and HMW-CTS treatments had a retarding of ethylene production, which reached the

peak on day 15 of storage. While fruit coated with D.W., 0.5% acetic acid and LMW-CTS

treatments reached the ethylene peak on day 12 of storage (Figure 11B).
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Figure 11. Effects of chitosan coating on respiration rate (A) and ethylene production

(B) of banana fruit during storage at 25 + 2 °C for 15 days.
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4.1.4.2 Weight loss and total soluble solids (TSS)

Weight loss of banana fruit was exhibited in Figure 12A. During ripening, fruit

weight loss increased gradually throughout the storage period. There was no significant

difference among treatments during the first 9 days of storage. HM-CTS coated fruit

presented the lowest percentage of weight loss compared to other treatments.

Total soluble solids (TSS) was presented in Figure 12B. TSS content continued to

increase with ripening development from approximately 6 to 23 °Brix for banana coated

with D.W., acetic acid, LMW-CTS, and MMW-CTS solutions and from 6 to 21 °Brix for fruit

coated with HMW-CTS solution. Fruit coated with D.W. and acetic acid treatments

exhibited a sharp increase of TSS and peak at day 9 of storage. While LMW-CTS, MMW-

CTS, and HMW-CTS treatments showed a delay of TSS peak on day 12 of storage. The

results suggested that fruit coated with HMW-CTS showed the lowest TSS value

throughout the storage period.
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Figure 12. Effects of chitosan coating on weight loss (A) and TSS (B) of banana fruit

during storage at 25 £+ 2 °C for 15 days.
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4.1.4.3 Peel color change

The peel color of the banana was expressed in Figure 13 and Figure 14 as L and

hue value. Fruit coated with D.W. and acetic acid treatments started changing from green

to yellow on day 9 of storage. While MMW-CTS and HMW-CTS coating could delay peel

color change which showed yellow peel on day 12 of storage (Figure 13). L value showed

a correlation with color changes which L value increased sharply and peaked on day 9 of

storage for fruit coated with D.W., acetic acid, and LMW-CTS treatments. MMW-CTS and

HMW-CTS coated fruit showed a peak of L value on day 12 of storage. The Hue angle

values for MMW-CTS and HM-CTS coated fruit were also higher, corresponding to the

peel color (Figures 14A-B).
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Figure 13. Peel color changes of banana in control and chitosan-coated fruit during

storage at 25 + 2 °C for 15 days.
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Figure 14. Effects of chitosan coating on L value (A) and hue angle (B) of banana fruit

during storage at 25 + 2 °C for 15 days.
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4.1.5 Banana fruit softening during storage

4.1.5.1 Fruit firmness

During ripening, banana fruit firmness declined continuously until the end of the
storage period. All chitosan treatments could retard firmness loss on day 12 of storage.
MMW-CTS and HMW-CTS treatments could maintain their firmness throughout the storage
period showing significantly lower firmness losses on days 12 and 15 of storage (Figure

15).
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Figure 15. Changes in fruit firmness of banana coated with HMW-CTS, MMW-CTS, and

LMW-CTS during the storage of fruit at 25 = 2 °C for 15 days.



82

4.1.5.2 Water-soluble pectin

Water-soluble pectin contents of banana peel were shown in Figure 16. The results
revealed that water-soluble pectin content increased during the storage period. Fruit
coated with MMW-CTS and HMW-CTS treatments showed significant increases in water-
soluble pectin compared to fruit coated with D.W., acetic acid, and LMW-CTS treatments

on days 9, 12, and 15 of storage.
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Figure 16. Changes in water-soluble pectin of banana pulp coated with HMW-CTS,

MMW-CTS, and LMW-CTS during the storage of fruit at 25 + 2 °C for 15 days.
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4.1.5.3 Cell wall degrading enzymes

The Polygalacturonase (PG) activity of banana peel was shown in Figure 17A. The

PG activity was found to increase continuously during ripening. Fruit coated with D.W.,

acetic acid, and LMW-CTS treatments demonstrated higher PG activities throughout the

study. While the activities of PG in MMW-CTS and HMW-CTS coated fruit increased slowly

compared to other treatments and showed a significant difference from other treatments

on day 12 of storage.

Pectate lyase (PL) activity of banana peel expressed the same trend as PG

activity, showing an increase with ripening. MMW-CTS and HMW-CTS treatments could

retard PL activity significantly throughout the storage period compared to the other

treatments (Figure 17B).
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Figure 17. Changes in activities of polygalacturonase (PG) (A) and pectate lyase (PL)
(B) of banana pulp coated with HMW-CTS, MMW-CTS, and LMW-CTS during the storage

of fruit at 25 + 2 °C for 15 days.
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4.1.6 Physiological responses of banana fruit to chitosan coating during storage
4.1.6.1 H,0, content and DPPH inhibition

H,O, content decreased slightly on the first 9 days of storage and increased

thereafter. Fruit coated with all chitosan treatments found no significant difference

compared to fruit coated with D.W. and acetic acid throughout the storage period (Figure

18A).

DPPH inhibition of banana pulp increased on the first 9 days of storage then

decreased continuously until the end of the storage period. Fruit coated with D.W., acetic

acid, LMW-CTS, and MMW-CTS showed no significant difference among treatments. In

comparison, fruit coated with HMW-CTS treatment showed the highest value of DPPH

inhibition throughout the storage period significantly on day 12 of storage (Figure 18B).
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Figure 18. Changes in H,0O, content (A) and (%) DPPH inhibition (B) of banana peel
coated with HMW-CTS, MMW-CTS, and LMW-CTS during the storage of fruitat 25 + 2 °C

for 15 days.
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4.1.6.2 Malondialdehyde (MDA) content

As shown in Figure 19, MDA content in banana pulp increased continuously

during storage. Banana treated with MMW-CTS treatment showed lower MDA content,

while HMW-CTS coated fruit had the lowest MDA value on day 12 of storage compared

to other treatments.
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Figure 19. Changes in MDA content of banana peel coated with HMW-CTS, MMW-CTS,

and LMW-CTS during the storage of fruit at 25 + 2 °C for 15 days.
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4.1.6.3 Disease severity

The effect of chitosan coating on the disease severity of banana fruit was

presented in Figure 20. The symptoms of anthracnose disease started to appear and were

observed on day 9. Then the severity increased sharply until the last day of storage. Fruit

coated with D.W. and acetic acid treatments showed the highest disease severity value

at the end of the storage period. While banana coated with MMW-CTS and HM-CTS

treatments decreased disease severity markedly and showed a significant difference on

day 15 of storage.
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Figure 20. The disease severity of the banana coated with HMW-CTS, MMW-CTS, and

LMW-CTS during the storage of fruit at 25 + 2 °C for 15 days.
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4.2 Determination of the appropriate chitosan coating containing chitosan-
montmorillonite (CTS-MMT) nanocomposites to prolong shelf life of banana during
storage at 25 + 2 °C

4.2.1 SEM analysis of coated thin film

After coating, banana peel was observed using SEM analysis, and the SEM

images were shown in Figure 21. The stomata appeared visibly on the surface of fruit

coated with D.W. (Figure 21A). All chitosan-coated fruit showed completely sealed

stomata compared to D.W. coated fruit (Figures 21B-E). The surface of the film on CTS

coated fruit was smooth, while the CTS supplemented with CTS-MMT-coated fruit

presented a rougher surface compared to those neat CTS coated fruit. At 1% and 2%

CTS-MMT nanocomposites addition, there was no or little accumulation of nanoparticles

(Figures 21C-D). However, when CTS-MMT was increased to 4%, multiple large

agglomerations of nanoparticles could be observed by naked eyes (Figure 21E).
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Figure 21. The surface area of banana peel after coating with various treatments: (A)
D.W. coated fruit; (B) CTS coated fruit; (C) 1% CTS-MMT coated fruit; (D) 2% CTS-MMT
coated fruit; (E) 4% CTS-MMT coated fruit investigated on the initial day by scanning

electron microscope.
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4.2.2 The effects of the coating on banana postharvest qualities

4.2.2.1 Weight loss and firmness

The results of weight loss and firmness were shown in Figures 22A-B. During ripening,

the weight loss of banana fruit increased continuously. Banana fruit coated with all

treatments showed no significant difference among groups throughout the storage

period. However, fruit treated with 2% CTS-MMT showed the highest fruit firmness after

storage for 15 days, followed by CTS and 1% CTS-MMT treatments. While D.W. coated

fruit had the lowest firmness significantly on days 12 and 15 of storage.
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Figure 22. Weight loss (A) and firmness (B) of banana fruit coated with various treatments

and stored at 25 + 2 °C. for 15 days. Vertical bars indicate + SE.
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4.2.2.2 TSS content

The results in Figure 23 showed that the TSS content of banana pulp increased
gradually during ripening. Fruit coated with D.W. had the highest TSS content value
significantly throughout the storage period due to ripening. For CTS and 1% CTS-MMT
coated group, TSS content was not different among treatments. However, TSS content
was lower when fruit coated with 2% CTS-MMT treatment, which showed the lowest

content after storage for 15 days compared to other treatments.
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Figure 23. TSS content of banana fruit coated with various treatments and stored at 25

+ 2 °C. for 15 days. Vertical bars indicate + SE.
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4.2.2.3 Peel color

From Figure 24, fruit coated with D.W., CTS, and 1% CTS-MMT treatments started

changing color from green to yellow on day 9 of storage. While fruit coated with 2% and

4% CTS-MMT treatments started changing color on day 15 of the storage period. The

results corresponding with L and hue angle value, which L value of fruit coated with D.W.,

CTS, and 1% CTS-MMT treatments increased sharply on the first 9 days of storage and

hue angle decreased continuously during storage. For fruit coated with 2% and 4% CTS-

MMT treatments, the L value showed the highest value on day 15 of storage and had the

lowest value throughout the storage period (Figures 25A-B). It indicated that 2% and 4%

coating solutions could delay color changes of banana peel during storage.
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Figure 24. Peel color change of bananas-coated with various treatments and stored at

25 + 2 °C for 15 days.
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Figure 25. L value (A) and hue angle (B) of banana fruit coated with various treatments

and stored at 25 + 2 °C. for 15 days. Vertical bars indicate + SE.
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4.2.2.4 Respiration rate and ethylene production

During storage, changes in the respiration rate and the ethylene production of

banana fruit were investigated and presented in Figures 26A-B. The respiration rate of

fruit coated with D.W. has reached its peak on day 9 of storage. For all chitosan coating

groups except the 2% CTS-MMT group, the fruit showed respiration peak on day 12 of

storage while 2% CTS-MMT coating fruit showed a climacteric peak on day 15 of storage.

The ethylene production presented a similar pattern with respiration rate which all

chitosan coating groups except 2% CTS-MMT group showed ethylene production peak

on day 12 of storage while 2% CTS-MMT coating fruit showed the peak on day 15 of

storage. However, 2%-CTS-MMT coated fruit presented the lowest rate of ethylene

production significantly on day 12 compared to other treatments. These results suggested

that 2% CTS-MMT treatment could delay fruit respiration rate and reduce ethylene

production of banana fruit during storage.
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Figure 26. Respiration rate (A) and ethylene production (B) of banana fruit coated with

various treatments and stored at 25 + 2 °C for 15 days. Vertical bars indicate + SE.
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4.2.2.5 MDA content and electrolyte leakage

MDA content and electrolyte leakage were shown in Figures 23A-B. MDA content

of banana fruit increased with storage time increase. Fruit coated with D.W. showed the

highest value after storage for 9 days compared to other groups. For CTS and 1% CTS-

MMT coating groups, MDA content increased sharply on day 12 of storage while 2% and

4% coated fruit had significantly lowest value on days 9 and 12 of storage time.

Electrolyte leakage showed the result patterns the same as MDA content which

EC value increased continuously with storage time increase. Fruit coated with 2% CTS-

MMT presented the lowest EC value significantly on days 9, 12, and 15 of storage. It

indicated that the supplementation coating of 2% CTS-MMT could retard the increase of

MDA level and electrolyte leakage value of banana fruit during storage.
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Figure 27. MDA content (A) and electrolyte leakage (B) of banana fruit coated with

various treatments and stored at 25 + 2 °C for 15 days. Vertical bars indicate + SE.
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4.2.2.6 %DPPH inhibition assay

Figure 28 presents antioxidant capacity in terms of DPPH inhibition and FRAP
assay. As a result, the level of DPPH inhibition decreased during storage for 12 days and
then increased slightly on day 15 of storage. Fruit coated with D.W., CTS, and 1% CTS-
MMT treatments presented a lower value than 2% and 4% CTS-MMT coated fruit.
However, fruit coated with 2% CTS-MMT had the highest level of DPPH inhibition
throughout the storage period significantly on day 12 of storage. As a result, it indicated

that 2% CTS-MMT treatment could maintain antioxidant capacity during ripening.
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Figure 28. DPPH inhibition of banana fruit coated with various treatments and stored at

25 £ 2 °C for 15 days. Vertical bars indicate + SE.
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4.2.2.7 Histological analysis

Banana fruit coated with various treatments and stored for 15 days were observed

for the changes of the microstructure of banana pulp by using a TEM microscope

compared to banana fruit on the initial day. The results were displayed in Figure 29. As

the results from the day 0 image (Figure 29A), the plasma membrane was intact, and its

cell wall remained close to the cell wall. After storage for 15 days (Figures 29B-F), the

plasma membrane separated from its cell wall, and the cell wall became thinner than day

0 fruit. While fruit coated with CTS and 1% CTS-MMT were not much different in

microstructure from D.W. coated fruit. However, fruit coated with 2% and 4% CTS-MMT

treatments showed that their plasma membrane remained close to its cell wall. Therefore,

2% and 4% CTS-MMT treatments could maintain the integrity of banana pulp during

storage.
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Figure 29. Transmission electron micrographs at 10,000 x magnification of banana pulp:

(A) Control fruit at harvest (day 0); (B) D.W.-coated fruit at day 15 of the storage; (C) CTS

coated fruit at day 15 of the storage; (D) 1% CTS-MMT-coated fruit at day 15 of the storage

(E) 2% CTS-MMT-coated fruit at day 15 of the storage; (F) 4% CTS-MMT-coated fruit at

day 15 of the storage.
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4.2.3 Characteristics of CTS-MMT nanocomposites film
4.2.3.1 Water contact angle, water absorption, and water solubility

In Table 3, the neat CTS film showed the hydrophilic nature by expressing the

water contact angle at 52.7°. For CTS supplement with CTS-MMT nanocomposites at 1%

and 2% (w/v), the value increased up to 63.3° and 77.6°, respectively, which indicated

more hydrophobic when compared to neat CTS film.

For water absorption analysis, neat CTS film and the film supplement with CTS-

MMT at 1% were not significantly different (184 + 7% and 193 + 15%, respectively).

However, after the addition of 2% MMT to CTS film, the water solubility reduced

significantly (119 + 7%).

The water solubility of neat CTS film was 9.1 £ 0.4% whereas, after the addition of

CTS-MMT nanocomposites at 1% and 2% to CTS film, it became more hydrophobic by

showing the water solubility lower than those CTS film (6.7 + 0.7% and 6.3 £+ 0.5%

respectively).
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4.2.3.2 Water Vapor Transmission rate (WVTR) and Oxygen Transmission
Rate (OTR)

The value of WVTR and OTR were shown in Figures 30A-B. The value of WVTR of
neat CTS film was 29.6 x 10° + 3.4 g/m’ day. After 1% and 2%, CTS-MMT nanocomposites
were added, WVTR values were not significantly different compared to neat CTS film (30.1
2.2 g/m2 day for1% CTS-MMT and 28.0 £ 1.9 g/m2 day for 2% CTS-MMT). However, the
OTR of the film was significantly reduced after addition with 2% of CTS-MMT
nanocomposites (10.9 = 2.4 mL/m’ day) compared to neat CTS film (22.6 + 2.1 mL/m’
day). These results indicated that CTS film supplemented with CTS-MMT nanocomposites

at 2% could increase the oxygen barrier property.
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Figure 30. Water vapor transmission rate (WVTR) (A) and oxygen transmission rate (OTR)

(B) of CTS film supplemented with CTS-MMT nanocomposites in various concentrations.
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4.3 Determination of the efficiency of chitosan coating containing chitosan-
montmorillonite (CTS-MMT) nanocomposites on development of anthracnose disease in
banana

4.3.1 Disease incidence and severity

The development of anthracnose disease of banana fruit after inoculation and

coating with various treatments was displayed in Figure 31 and Figure 32. The inoculated

fruit with sterile distilled water was used as control fruit which did not present any disease

symptom throughout the storage period. While inoculated fruit followed by dipping with

distilled water (D.W.) and acetic acid showed disease incidence more than 80%, and it

showed disease lesion area more than 1 mm after inoculation for 3 days. While fruit coated

with CTS and 2% CTS-MMT appeared obvious infection after inoculation on day 6 (about

1.8 mm). However, there was no significant difference in anthracnose disease

development observed in CTS, and 2% CTS-MMT coated fruit during the storage period.

As a result, coating banana fruit with CTS and 2% CTS-MMT could reduce the severity of

anthracnose disease (3.3 mm and 3.1 mm at day 9) than fruit coated with D.W. and acetic

acid treatments (3.9 mm and 4.1 mm at day 9 of storage). Therefore, anthracnose infection

in banana fruit was delayed in fungal development when fruit was treated with CTS and

2% CTS-MMT treatments.
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Figure 31. Disease development of inoculated fruit after coating during storage at 25 + 2

°C for 9 days.
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Figure 32. Disease incidence (A) and disease severity (B) of control fruit and coated fruit

during storage at 25 £ 2 °C. for 9 days. Vertical bars indicate + SE.
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4.3.2 H,0, content, DPPH inhibition

The content of H,O, in banana pulp was shown in Figure 33A. The results found

that H,O, content in control fruit increases gradually during ripening. For all inoculation

groups, a high level of H,0, content increased after inoculation for 3 days and then

declined thereafter. Treatment of 2% CTS-MMT coating caused a significant reduction of

H,O, content after inoculation for 3 days compared to the other inoculated groups.

Therefore, our results indicated that banana fruit coated with 2% CTS-MMT treatment was

the most effective in inhibiting H,O, production during ripening.

The antioxidant capacity was measured by using DPPH inhibition assay and

shown in Figure 33B. As a result, the control fruit showed an increase and then decreased

until the end of storage. In contrast, inoculation groups showed a decrease continuously

during the ripening process. However, fruit coated with CTS and 2% CTS-MMT coated

groups showed the highest DPPH inhibition during storage compared to other infected

groups.
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Figure 33. H,O, content (A) and DPPH inhibition (B) of control fruit and coated fruit during

storage at 25 = 2 °C. for 9 days. Vertical bars indicate + SE.
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4.3.3 Antioxidant contents
4.3.3.1 Total phenolic content (TPC)

Total phenolic content was displayed in Figure 34. As a result, TPC in all groups

increased in the first 3 days of storage and then decreased until the end of the storage

period. After inoculation for 3 days, the inoculation fruit coated with CTS treatment showed

higher content of TPC in the banana pulp. However, 2% CTS-MMT treatment showed

higher TPC content than CTS treatment showing a significant difference on day 3 after

inoculation.

Se.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
‘e

2.0 -

@ Control
% [noc.+D.W.

1.0 -

Total Phenolic content (mg GAE/g FW)

0.5 K Inoc.+Acetic acid
’ Olnoc.+CTS
2*lnoc.+2%CTS-MMT
0.0 T T 1
0 3 6 9

Storage period (days)

Figure 34. Total phenolic content of control fruit and coated fruit during storage at 25 + 2

°C. for 9 days. Vertical bars indicate + SE.
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4.3.3.2 Ascorbic acid (AsA) content

Figure 35 displayed the ascorbic acid level in the banana pulp. The AsA content

of the control group decreased on day 3 and then continuously increase until the end of

the storage period. For inoculated groups, it increased sharply until day 6 and then

decreased on day 9 of storage. After inoculation for 3 days, fruit coated with 2% CTS-

MMT had the lowest AsA content compared to among inoculation group. However, it

showed the highest value on day 6 and day 9 of storage. As a result, 2% CTS-MMT coating

could enhance AsA content during the ripening process.
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Figure 35. The ascorbic acid content of control fruit and coated fruit during storage at 25

+ 2 °C. for 9 days. Vertical bars indicate + SE.
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4.3.3.3 Glutathione (GSH) content

The GSH contentin banana pulp decreased slightly after storage for 3 days for all

groups. All infected groups showed continuous decreasing until day 6, then increased

slightly on day 15 of storage. While control fruit showed a different pattern, the GSH

content increased sharply on day 6 then decreased on day 15 of storage. Among

treatments, 2% CTS-MMT treated fruit had the highest GSH content than infected fruit

treated with the other treatments. The results were significantly different on days 3 and 6

of storage (Figure 36).
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Figure 36. Glutathione content of control fruit and coated fruit during storage at 25 + 2

°C. for 9 days. Vertical bars indicate + SE.
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4.3.4 Antioxidant enzyme activities
4.3.4.1 Superoxide dismutase (SOD) activity

SOD activity of banana pulp was displayed in Figure 37. The results revealed that

SOD activity in all groups increased during ripening and reached the peak on day 6, then

decreased until the end of the storage period. However, the activity of SOD showed no

difference among groups throughout the storage period.
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Figure 37. Superoxide dismutase (SOD) activity of control fruit and coated fruit during

storage at 25 + 2 °C. for 9 days. Vertical bars indicate + SE.
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4.3.4.2 Ascorbate peroxidase (APX) activity

APX activity of control fruit increased sharply on the first 6 days of storage and

decreased thereafter. Inoculated fruit coated with CTS and 2% CTS-MMT showed the

same activity patterns with control fruit which reached the activity peak on day 6 of storage

but showed significantly enhanced APX activity among the infected group. While

inoculation fruit coated with D.W. and acetic acid, the activity decreased continuously with

storage time increase (Figure 38). The results suggested that coating fruit with CTS and

2% CTS-MMT treatments could induce APX activity during ripening.
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Figure 38. Ascorbate peroxidase (APX) activity of control fruit and coated fruit during

storage at 25 = 2 °C. for 9 days. Vertical bars indicate + SE.
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4.3.4.3 Catalase (CAT) activity

During storage, CAT activities of banana fruit had a similar pattern as APX

activities, which showed a peak on day 6 and then decreased. Among the inoculation

group, fruit coated with CTS had the highest value of CAT activity followed by fruit coated

with 2% CTS/MMT compared to another infected group. The CAT activity showed a

significant difference on day 6 of storage (Figure 39).
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Figure 39. Catalase (CAT) activity of control fruit and coated fruit during storage at 25 +

2 °C. for 9 days. Vertical bars indicate + SE.
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4.3.4.4 Glutathione reductase (GR) activity

GR activity in the banana pulp of control fruit decreased till day 6 and increased

on day 9 of storage. However, the inoculation group showed different patterns, fruit coated

with D.W. and acetic acid showed that GR activity decreased with storage time. While fruit

coated with 2% CTS-MMT and CTS increased sharply on day 6 after inoculation and

decreased on day 9 of storage. Fruit coated with 2% CTS-MMT coating had the highest

GR activity significantly on days 3 and 6 compared within the inoculation group followed

by the CTS coating group (Figure 40).
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Figure 40. Glutathione reductase (GR) activity of control fruit and coated fruit during

storage at 25 = 2 °C. for 9 days. Vertical bars indicate + SE.
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4.3.4.5 Dehydroascorbate reductase (DHAR) activity

DHAR activities in all treatments expressed the same patterns, and the activity

decreased on the first 3 days, then reached the highest activity on day 6 and decreased

sharply on day 9 of storage. After inoculation for 3 days, fruit coated with D.W. and acetic

acid had the highest DHAR activity. However, after inoculation for 6 days, fruit coated with

2% CTS-MMT had the highest activity followed by CTS treatment. As a result, coating

banana fruit with 2% CTS-MMT after infection could stimulate antioxidant activities in the

banana pulp during ripening (Figure 41).
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Figure 41. Dehydroascorbate reductase (DHAR) activity of control fruit and coated fruit

during storage at 25 + 2 °C. for 9 days. Vertical bars indicate + SE.
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CHAPTER V

DISCUSSION

5.1 Effects of different molecular weights of chitosan coating on physiological
responses of banana fruit during storage at 25 + 2 °C

5.1.1 Chitosan properties, chitosan thin film, and anatomical characteristics of chitosan
coating on banana peel

The chitosan specific properties depend on its type, degree of deacetylation of

chitin (%DD), and molecular weight (Nakatsuka and Andrady, 1992). Our study was

focusing on the effects of its molecular weights on their property. The chitosan used in the

experiment was demonstrated in Table 1; HMW-CTS showed the highest viscosity

followed by MMW-CTS and LMW-CTS, respectively. The viscosity of chitosan solution

directly affected the thickness of chitosan film. Table 2 exhibited that HMW-CTS and

MMW-CTS solution could form a thin film layer that reduced water and oxygen gas

transmission rates. The same result was also reported in the previous study (Yan et al.,

2001).

The anatomical characteristics of the chitosan-coated surface of banana peel

were studied using a scanning electron microscope and presented in Figures 14 and 15.

From the cross-section images, HMW-CTS coated fruit showed the highest thickness film

(as indicated by white arrow) followed by MMW-CTS, while LMW-CTS showed a very thin
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film and could not be investigated in the Figure 9. The peel surface observation in Figure

10 reviewed that all chitosan treatments showed the homogenous coating on a banana

peel. However, HMW-CTS coating showed a complete seal on the stomata compared to

other coatings. It indicated that the HMW-CTS solution had the highest ability to form a

thin film and cover smoothly on a banana peel. Confirm by Yan et al. (2001) study where

expressed film coating prepared from low molecular weight (130 kDa) appeared less

permeable to water 55% compared to high molecular weight (1,000 kDa) chitosan.

5.1.2 Effects of coating on postharvest quality of banana during storage

Since chitosan properties depend on its molecular weight, therefore, a various

molecular weight of chitosan was applied as banana fruit coating in this study. Our results

found that banana fruit coated with HMW-CTS and MMW-CTS showed a delay in the

climacteric peak and ethylene production peak compared to other treatments. These

results indicated that HMW-CTS and MMW-CTS coatings could reduce the respiration

rate and ethylene production of the banana fruit during storage. It was in accordance with

the OTR result where HMW-CTS and MMW-CTS films had the highest ability in O, barrier

property. Thus, the coating led to a retard in respiration and ethylene production during

storage compared to other treatments. The result was also supported by previous studies

which reviewed that chitosan could act as a barrier film so, it creates a modified internal

atmosphere leading to a reduced respiration rate and retard fruit ripening (Xu et al., 2018).
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Furthermore, similar results have been reported in peach (Jiao et al., 2019) and mango

(Xing et al., 2020) fruit when coated with the chitosan-based solution.

The loss of fruit weight mainly reflects the water status of plant tissue, which

resulted from the increase in transpiration and respiration processes (Zhu et al., 2008).

HMW-CTS coating could delay banana weight loss due to its barrier property of thin film

covered on banana peel led to a restriction in water evaporation between fruit and

surrounding air resulting in retarding fruit weight loss. It was supported by SEM images

which HMW-CTS showed the thickness film and covered tightly on the stomata. Previous

studies also found that chitosan coating could decrease mango weight loss (Zhu et al.,

2008) and papaya (Ali et al., 2011) during storage.

HMW-CTS coating also reduced the total soluble solid value representing the

amounts of solids dissolved in a solution mostly refer to sugar content (Jones and Scott,

1983). The TSS value was linked with the respiration process relate to the carbohydrate

conversion to sugars (Macrae et al., 1992). The retarding of TSS increase may attribute to

the chitosan thin film covered on banana peel led causing the low internal O, level.

Furthermore, its barrier reduced the O, influx, which is needed in the final step of ethylene

biosynthesis in converting ACC to ethylene by ACC oxidase (Rudus et al., 2013). The

study of Li and Yu (2001) also reported a similar result where peach fruit coated with



124

chitosan solution had a reduction in TSS value together with respiration rate and ethylene

production during storage.

Banana peel was changed from green to yellow because of chlorophyll

degradation and carotenoid production (Thomas and Janave, 1992). It started changing

from day 9 of storage, while banana fruit coated with HMW-CTS and MMW-CTS treatments

delayed changing on day 12 of storage. Retarding in fruit color changes were also

attributed to chitosan thin film reducing O, and ethylene exposure directly affecting

chlorophyll degradation in guava and sweet pepper (Hong et al., 2012; Xing et al., 2011).

5.1.3 Effects of coating on banana fruit softening during storage

Fruit firmness is a key parameter that reflects the softening which influences

consumer acceptability of fruit. The results were consistent with the weight loss, TSS, and

peel color change, where HMW-CTS coating showed the best in maintaining their firmness

by delaying the decrease of firmness throughout the storage period. The retardation of

fruit softening with chitosan coating agrees with previous research of Petriccione et al.

(2015). The firmness of strawberry was maintained when coated with chitosan solution,

which showed firmness reduction values of only 7.84% on day 9 of storage time compared

to uncoated fruit increased the value up to 28.52%.

Cell wall components including cellulose, hemicellulose, and pectin were found

to degrade during fruit ripening resulting in softening (Seymour et al., 1990). Pectin was
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an essential component of the primary and middle lamella, mainly reported decreasing

via pectin solubilization during banana ripening (Amnuaysin et al., 2012). Our research

found that MMW-CTS and HMW-CTS coatings could delay pectin solubilization as

reflected in lower water-soluble pectin value at the end of storage. These results were in

concordance with the study of Liu et al. (2016), which found a delay in pectin solubilization

of cherimoya fruit coated with chitosan solution.

Generally, fruit softening is related to cell wall degrading enzymes.

Polygalacturonase (PG) and pectate lyase (PL) were two critical enzymes in pectin

degradation. PG plays a role in catalyzing the hydrolytic cleavage of a-(1-4) galacturonan

linkages (Fischer and Bennett, 1991). PG activity in banana peel continuously increased

with storage time increase. Fruit coated with HMW-CTS and MMW-CTS solution slowly

increased compared to other treatments. PL is the pectin depolymerizing enzyme that

cleaves a-(1,4) galacturonosidic linkages of PGA (polygalacturonic acid) via a B-

elimination reaction (Fischer and Bennett, 1991). PL activity expressed the same trend

with PG activity, which increased gradually with storage time. HMW-CTS and MMW-CTS

treatments maintained lower PL activity during the first 12 days of storage. Our results

clearly demonstrated that HMW-CTS and MMW-CTS treatments could reduce the PG and

PL activities during storage. The reduction of these two enzyme activities could effectively

retarding pectin degradation led to the maintenance of banana fruit firmness. Therefore,
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HMW-CTS and MMW-CTS coating applications could maintain banana firmness by

reduced PG and PL activities. Similar results were reported in fresh-cut papaya

(Gonzalez-Aguilar et al., 2009) and cherimoya (Liu et al., 2016) where the activities of

PME and PG were lower than control. Furthermore, Gonzalez-Aguilar et al. (2009)

reported that cherimoya coated with chitosan plus citric acid could retard or suppress of

AcXETs (xyloglucan endotransglycosylases) and AcPE (Pectinesterase) genes

expression, which encodes cell wall hydrolase enzyme. Based on our results, HMW-CTS

and MMW-CTS coatings retarded or suppressed the cell wall hydrolase enzymes and

positively affected fruit firmness.

5.1.4 Effects of coating on DPPH inhibition, malondialdehyde contents, and disease
severity of banana

Chitosan coating has been reported that it could promote antioxidant activity in

many plants. However, their antioxidant activity depends on their molecular weight and

the degree of deacetylation. (Kim and Thomas, 2007; Samar et al., 2013). Our results

suggested that the application of HMW-CTS treatment showed the highest level of

effectiveness in maintaining antioxidant capacity by expressing the highest %DPPH

inhibition throughout the storage period compared to other treatments, which may be due

to the oxygen penetration was suppressed. Ghasemnezhad et al. (2013) and Kou et al.

(2014) also reported that strawberry and pear coated with chitosan solution expressed

the highest antioxidant capacity. Based on the results, it can be concluded that HMW -
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CTS coating was appropriate to increase antioxidant capacity in ‘Hom Thong’ banana fruit

during storage.

Malondialdehyde (MDA) is one of the final products of polyunsaturated fatty acids

in response to postharvest oxidative stress during storage (Ayala et al., 2014). Generally,

during ripening, MDA content showed an increase. Our results demonstrated that fruit

coated with HMW-CTS and MMW-CTS treatments had a lower MDA content than other

treatments. The treatments could reduce oxidative stress that occurred in membrane lipid,

which led to retard fruit senescence. It might be caused by a film barrier of chitosan thin

film causing oxygen reduction, which is the primary reactant in the lipid peroxidation

process (Johnson and Decker, 2015). Petriccione et al. (2015) reported a similar result,

which found that strawberry coated with 1% and 2% chitosan expressed a delay in

increasing MDA content.

The result of disease severity showed that HMW-CTS and MMW-CTS treatments

had the potential to control banana disease. This could be due to the coating causes a

reduction in oxygen influx resulting in a decline of fruit respiration rate and a slow ripening

process, thus increasing its disease resistance. The previous studies reviewed that

chitosan had an antioxidant activity against many microbials including Colletotrichum

musae (Maqgbool et al., 2010), Pseudomonas fragi, Shewanella putrefaciens and

Aeromonas hydrophila (Fernandez-Pan et al., 2015), and Colletotrichum gloeosporioides
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(Jitareerat et al., 2007; Jongsri et al., 2017). Chitosan effectively affected microbial
membrane disturbing by disrupting the monolayers of microorganisms (Krajewska et al.,
2011). It also induced the chitinase and B-1,3-glucanase activities in mango (Jitareerat et
al., 2007; Jongsri et al., 2017). Our result was consistent with previous research of Hossain
and Igbal (2016) where the disease severity score of banana fruit was lower than uncoated
fruit. The same results were also reported in longan (Jiang and Li, 2001), citrus (Chien et

al., 2007), and mango (Jongsri et al., 2017) fruit when coated with chitosan solution.



5.2 Determination of the appropriate chitosan coating containing chitosan-
montmorillonite (CTS-MMT) nanocomposites to prolong shelf life of banana during
storage at 25 + 2 °C

5.2.1 SEM analysis of coated fruit

The micromorphology of coating materials on banana peel was observed under a

scanning electron microscope (SEM). CTS coated fruit appeared completely sealing the

stomata, and the surface of the film was smooth. The CTS-MMT supplemented film

presented a rougher surface and showed a good dispersion of CTS-MMT in the film

matrix. The increasing surface roughness when added MMT was also reported by Neji et

al. (2020). However, when the addition of CTS-MMT was high (4% w/v), it caused many

large agglomerations of nanoparticles which were visibly observed. The SEM images

confirm that CTS-MMT nanocomposites at 1% and 2% combination resulted in a good

dispersion in the CTS matrix and covered banana peel surface completely. This effect

may have further contributed to a reduction of respiration rate and water loss during

banana storage.

5.2.2 Effects of the coating on banana postharvest qualities

The postharvest qualities of banana fruit were observed in various treatments.

Weight loss, fruit firmness, and TSS content are major parameters that indicate fruit

ripening (Valero et al., 2007). Banana fruit treated with 2% CTS-MMT treatment showed

the most beneficial effect on maintaining fruit firmness and showed the lowest TSS value.
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It means that 2% CTS-MMT coating could retard the hydrolysis process of starch to
sucrose in banana fruit during development to ripen. The increasing barrier property of
O, uptake was reported to slow down softening process via metabolic activity (Maleki et
al., 2018). The results were strongly supported by OTR measurement which 2% CTS-MMT
film had the lowest OTR value compared to the other films. In addition, the surface layer
of film that affected the reduction of oxygen and ethylene permeation also affected the
delay in fruit color changes, which indicated that the ripening process was delayed. L and
H angle values could represent banana color changes when fruit reached the ripening

stage, L value increased, and H angle decreased (Chen and Ramaswamy, 2002).

5.2.3 Effects of the coating on respiration rate and ethylene production

Since the respiration rate of fruit can typically be used as an indicator of storage
potential (Saquet and Streif, 2017), ethylene can also trigger fruit ripening and
senescence, leading to reduced storage life. Our results expressed that the respiration
rate of 2% CTS-MMT coated group had a delay in climacteric peak compared to the other
groups. Ethylene production rate showed a similar trend with respiration rate where 2%
CTS-MMT coated fruit expressed the lowest ethylene production. Since the layer of CTS-
MMT clay addition created a tortuous diffusion (Cui et al., 2015; Vilarinho et al., 2020), 2%
CTS-MMT coating had the greatest ability to create O, and CO, barriers. Therefore, it
might cause CO, accumulation in banana fruit, leading to reduced banana respiration rate

and ethylene production during fruit ripening. Xu et al. (2018) also reported that CTS thin
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film created a barrier result in CO, accumulation occur in the fruit, and the respiration rate

was reduced.

5.2.4 Effects of the coating on MDA content, electrolyte leakage, and antioxidant
capacity

MDA content and electrolyte leakage values are used as indicators of membrane
injury, causing the lipid peroxidation process (Wang et al., 2015). As shown in the result,
fruit in all groups increased these two parameters with storage time increase. The
combination coating treatment at 2% CTS-MMT found retarding in the increasing MDA
level (reduced up to 32%) and EC value, and it was maintained at lower levels throughout
storage time. It means that 2% CTS-MMT combination coating had the most effective in

maintaining membrane integrity compared to other treatments.

This study presented the changes in antioxidant capacity of banana fruit after

coating in terms of DPPH assays. The highest value of these two parameters was recorded

in 2% CTS-MMT combination coating fruit followed by 4% CTS-MMT combination coating

sample. In contrast, the lowest values were recorded in samples of D.W. and CTS

treatments. From these results, CTS coating could not improve antioxidant capacity in

terms of DPPH assay but, when combined with CTS-MMT at 2%, antioxidant capacity was

improved. Previous reports also found the enhancing antioxidant activity when

montmorillonite was added into the coating material (Guimaraes et al., 2016) the most
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effective in increasing antioxidant capacity by expressing the highest %DPPH inhibition

compared to the other treatments.

5.2.5 Effects of the coating on histological analysis

The microstructure images of banana pulp after coating for 15 days were

observed under TEM compared to the initial day (day 0). In this study, 2% and 4% CTS-

MMT treatments could retard the structure destroy of the plasma membrane and cell wall

of banana pulp cell, its cell wall were still intact and plasma membrane still retained

integrity and close to its cell wall after storage for 15 days. Goulao and Oliveira (2008)

found that the loss of firmness during ripening relation to plant cell wall component

degradation and membrane integrity loss. The barrier property of thin film affected in

delaying pectin dissolution and reducing cell wall hydrolase enzyme activity (Zhao et al.,

2018), and therefore it maintained its integrity. The result indicated that CTS-MMT

combination with CTS solution at 2% and 4% effectively reduced loss of membrane

integrity and cell wall degradation resulting in maintaining fruit firmness and delaying fruit

ripening.



133

5.2.6 Properties of free-standing film supplemented with CTS-MMT nanocomposites

Water contact angle measurement could demonstrate the degree of hydrophilicity
or hydrophobicity of film. The value of more than 90° is considered to have hydrophobic
properties (Niu et al., 2019). Our results suggested that the addition of CTS-MMT into the
chitosan matrix caused the decrease in hydrophilicity of film by showing the higher value
of CA, which means that the surface of chitosan film became more hydrophobic. Since
chitosan functional groups can form more hydrogen bonds with hydroxyl domains of CTS-
MMT clay, it results in more rigidity of combination film (Shahbazi et al., 2017). Thus, the
incorporated treatment could enhance the resistance of film against water. These results
were related to the solubility value where the combination film could reduce the water
solubility of film. It was clear that chitosan film had poor resistance to water. Still, when
CTS-MMT nanocomposites were added to the chitosan matrix, it could enhance the ability

of water-resistant chitosan-based film.

In addition, 2% CTS-MMT film was found to exhibit a lower value of OTR, which
implied that it largely improved the O, barrier properties of chitosan film. Kasirga et al.
(2012) reported that the addition of clay created a tortuous path in chitosan film; thus, O,
hardly passes through it. O, was known to involve in fruit respiration and lipid oxidation
(McGlasson et al., 1971); therefore, enhancing the O, barrier property influences fruit's
shelf life. This development indicated that chitosan film adding 2% CTS-MMT

nanocomposites presented a high performance as fruit coating.
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5.3 Determination of the efficiency of chitosan coating containing chitosan-
montmorillonite (CTS-MMT) nanocomposites on development of anthracnose disease in
banana

Banana is susceptible to several diseases, especially anthracnose caused by the

fungus, Colletotrichum musae, resulting in postharvest losses (Magbool et al., 2010). The

present study presented that the uncoated infected group showed higher disease

severity. At the same time, the infected group coated with CTS and 2% CTS-MMT

treatments resulted in the inhibition of disease development. Therefore, chitosan film-

forming covered on banana peel could inhibit fungus growth. Since chitosan could

penetrate inside the pathogen nuclei and disruption its cell membrane, causing

intracellular leakage and, finally, cell death (Safari et al., 2021). Furthermore, Liu et al.

(2007) also found that chitosan presented a potent inhibition of fungal germination and

development. This result was the same with the research of Limon et al. (2021) where C.

gloeosporioides growth was inhibited when mango fruit was coated with chitosan solution.

ROS plays a significant role as the first line of plant defense response against

pathogens infection (Shetty et al., 2007). Some previous studies demonstrated that an

excess ROS in plant tissues might cause its cell membrane damage, and disease-

resistance was reduced, resulting in disease development in fruit (Lin et al., 2017). Thus,

the lower levels of ROS accumulation prevented cell membrane damage, and the

disease-susceptibility was reduced. Our study found that after infection for 3 days, H,O,
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accumulation increased rapidly. The treatment of 2% CTS-MMT could keep the H,O,
content at a normal level in infected fruit like those control fruit. In addition, DPPH inhibition
which represented antioxidant capacity was also induced by CTS and 2% CTS-MMT
treatments compared with the infected group. This finding agreed with the study of Nair

et al. (2018) where chitosan coating could enhance antioxidant capacity in guava fruit.

Phenolic compound is the secondary plant metabolites which involved in the
interaction between plants and pathogens. It is well known as an antimicrobial compound
and contribution to the resistance of disease (Petkovsek et al., 2009). Our study exhibited
that CTS and 2% CTS-MMT treatments significantly promoted phenolic compound
accumulation of the infected banana group. According to Gatto et al. (2016), phenolic
extracts could promote the disease resistance of sweet cherry fruit. This compound may
react with proteins of pathogens; thus, causing the loss of enzyme function (Schwalb and
Feucht, 1999). In agreement with our study, Liu et al. (2007) also reported that chitosan

coated tomato showed an increase in phenolic content after being treated for 3 days.

Furthermore, AsA and GSH play an essential role in the non-enzymatic
scavenging system. AsA acts as a substrate of APX that converts H,0, into H,O (Rezayian
et al., 2019). AsA can either be oxidized to monodehydroascorbate (MDHA) or converts
to dehydroascorbate (DHA). DHAR is catalyzed to AsA by the dehydroascorbate

reductase (DHAR) enzyme, which uses glutathione (GSH) as a substrate (Wang et al,,
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2013). In this study, the infected fruit expressed the highest AsA content throughout the
storage period. CTS and 2% CTS-MMT treatments significantly increased the AsA content

after storage for 6 days and increased the GSH content throughout the storage period.

The antioxidant enzymes play a significant role in the oxidative stress defense
mechanism. SOD is well known to catalyze superoxide (O,) to H,0, and O,. Then, H,O,
can be further scavenged by APX, CAT, GR, and DHAR enzymes (Sevillano et al., 2009).
Our results showed that the activity of SOD showed no significant difference among the
group. However, the activities of APX, CAT, GR, and DHAR of infected groups were lower
than those of uninfected groups during storage. Since the pathogen infection might
induce ROS accumulation in fruit (Baker and Orlandi, 1995), thus it resulted in the
inhibition of antioxidant activity. CTS and 2% CTS-MMT coating treatments significantly
increased the activities of APX, CAT, GR, and DHAR of infected groups during storage,
which increased and peaked at day 6 of the storage and then decreased after that. Zheng
et al. (2017) found that chitosan coated kiwi fruit had a lower disease severity. The
activities of SOD, CAT, and APX were enhanced, demonstrating that chitosan treatment
effectively affected disease resistance kiwi fruit. In addition, Jiang et al. (2018) also
reported that litchi fruit coated with chitosan treatment exhibited higher levels of DPPH
radical scavenging, activities of antioxidant enzyme, and contents of AsA and GSH

compared to control fruit. Based on these results, it could be concluded that chitosan
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reduced the severity of anthracnose disease of banana fruit by regulation of the

nonenzymatic and enzymatic antioxidant activities. These results demonstrated that

applications of CTS and CTS-MMT coating could be effectively employed to extend

postharvest longevity and quality of banana fruit. As a best management practice to

increase financial returns per unit cost, the production of coating material needs to be

scaled up to industrial scale. More study about the stability of coating solution and its

retention and their toxicological effects should be considered to improve the quality of

coating for the future commercial application.
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CHAPTER VI

CONCLUSION

6.1 Effects of different molecular weights of chitosan coating on physiological
responses of banana fruit during storage at 25 £ 2 °C

In the present study, the HMW-CTS solution had the highest viscosity solution and

presented the highest thickness of coated film followed by MMW-CTS and LMW-CTS.

WVTR and OTR results exhibited that MMW-CTS and HMW-CTS treatments effectively act

as a barrier of water vapor and oxygen gas transmission compared to LMW-CTS film. The

investigation of different MWs of chitosan coated on banana fruit during storage at 25 + 2

°C, HMW-CTS treatment showed a complete seal on the banana peel. Also, HMW-CTS

retarded fruit respiration rate and ethylene production during storage results in delaying

fruit softening. In addition, the HMW-CTS coated group expressed the highest ability to

decelerate the fruit ripening process by decreasing weight loss, peel color change, and

TSS content. The activities of cell wall degrading enzymes, including PG and PL, were

retarded and resulted in softening inhibition. Furthermore, HMW-CTS could reduce

disease severity and enhance antioxidant capacity by maintaining the highest %DPPH

inhibition and reducing cell membrane injury. Therefore, HMW-CTS is appropriate for

‘Hom Thong’ banana fruit coating as softening retardation and prolonging their shelf life.
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6.2 Determination of the appropriate chitosan coating containing chitosan-
montmorillonite (CTS-MMT) nanocomposites to prolong shelf life of banana during
storage at 25 + 2 °C

Compared to the various amounts of CTS-MMT nanocomposites combined with

chitosan solution, 2% CTS-MMT treatment appeared completely sealing on the stomata,

and SEM images showed that CTS-MMT nanocomposites had an excellent dispersion in

the CTS matrix. Coating banana fruit with 2% CTS-MMT showed more effectiveness by

maintaining postharvest qualities of fruit throughout the storage period. The treatment

could maintain fruit firmness, reduce TSS content and retard peel color changes of fruit.

In addition, 2% CTS-MMT coating could delay the ripening process by retarding

respiration rate and ethylene production compared to other groups. Furthermore, it could

enhance antioxidant capacity leading to reduce cell membrane injury. Histological

analysis exhibited that 2% CTS-MMT coating had the most effective in maintaining cell

membrane integrity compared to the other groups. The results of the free-standing film

showed that 2% CTS-MMT film had a higher ability of water resistance compared to CTS

film by increasing the degree of water contact angle, lowering water absorption and water

solubility values. In addition, 2% CTS-MMT film had a lower OTR value compared to the

other films. Based on the results, the combination of CTS-MMT nanocomposites in CTS

solution at 2% was appropriate as a banana coating for extending the ‘Hom Thong’

banana shelf life.
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6.3 Determination of the efficiency of chitosan coating containing chitosan-
montmorillonite nanocomposites on development of anthracnose disease in banana

CTS and 2% CTS-MMT treatments on banana fruit effectively reduced

anthracnose disease incidence and severity caused by Colletotrichum musae. The

coating treatment induced disease resistance by enhancing antioxidant capacity. The

contents of TPC, AsA, and GSH had a higher accumulation than the infected group, as

well as the increased activities of APX, CAT, GR, and DHAR when fruit coated with CTS

and 2% CTS-MMT treatments. These results demonstrated that the combination of CTS-

MMT nanocomposites with CTS solution at 2% affected the disease resistance of ‘Hom

Thong’ banana fruit against anthracnose.
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APPENDIX



APPENDIX A

1. Results of the characteristic of the produced CTS-MMT nanocomposites powder

1.1 The d-spacing value and size of MMT and CTS-MMT powders

Table A1. d-spacing value and size of MMT and CTS-MMT powders

Powder d-spacing value (Snlrzne)
(A)
MMT 12.6 nd
CTS-MMT 15.5 262.5+15.4

1.2 X-Ray Diffraction (XRD) analysis

169

After CTS-MMT nanocomposites were produced, the characteristics of

nanocomposites were analyzed and presented in Figure A1 and Table A1. The XRD

diffraction peak of CTS-MMT nanocomposites was found at 26 = 5.7° while the original

MMT powder diffraction peak appeared at 26 = 7.0°. For d-spacing results, CTS-MMT

nanocomposites and original MMT powder had their d-spacing at 15.5 A and 12.6 A,

respectively.
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Figure A1. XRD patterns of MMT and CTS-MMT nanocomposites.
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1.3 Fourier transform Infrared Spectroscopy (FTIR) analysis

The FTIR spectrum peak of CTS-MMT nanocomposites powder was measured
and presented in Figure A2. CTS-MMT nanocomposites demonstrated characteristic

bands at 3,435 and 1,634 cm”~ ' (N-H bands) and 2928 cm” (aliphatic C-H band).
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Figure A2. FTIR spectrum peak of CTS-MMT nanocomposites.
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2. Results of the properties of free-standing CTS film supplemented with CTS-MMT

nanocomposites
2.1 X-Ray Diffraction (XRD) analysis

The XRD patterns of CTS fim and CTS supplement with CTS-MMT
nanocomposites were measured and presented in Figure A3. As results, the neat CTS film
had 4 characteristic crystalline peaks at about 26 = 5.9°, 11.4°, 15.5°, and 19.9°,
respectively. CTS supplemented with CTS-MMT at 1 % and 2 % (w/v), the board
characteristic peaks of CTS film were observed, and the board peak of CTS-MMT

nanocomposites at 26 = 5.7° appeared.
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Figure A3. XRD pattern of CTS film supplemented with CTS-MMT nanocomposites in

various concentrations.



2.2 Fourier Transform Infrared Spectroscopy (FTIR) analysis

The results of the FTIR analysis were shown in Figure A4. The spectra of neat CTS
film demonstrated the broad peak between 3500-3200 cm” (N-H stretching vibration).
The peaks were observed at 2869 cm” (C-H stretching), 1652 cm’ (C=0 stretching;
amide | group), 1586 cm™ (N-H blending of primary amine), and 1324 cm’ (CH,

symmetrical deformation).
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Figure A4. FTIR spectra of CTS film supplemented with CTS-MMT nanocomposites in

various concentrations.
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APPENDIX B

Methodologies

1. Particle size and surface area

The size of CTS-MMT nanocomposite powders was measured by dynamic light
scattering using a Zeta sizer (Nano-ZS, Malvern Instruments Ltd., UK). The surface area

was measured by the BET method.

2. X-ray diffraction (XRD)

The XRD measurements of the material were carried out by X-ray diffraction (XRD;
model PW3710, 154 Philips, Netherlands) at room temperature with Cu Kol radiation (A =
1.5418 A). The XRD scanning was performed with speed at 0.2° 26/step, and the detector

was set at a voltage of 40 kV and a current of 30 mA.

3. Fourier transforms infrared (FTIR)

FTIR measurements were recorded by a Fourier transforms infrared
spectrophotometer (Perkin Elmer, Inc., 160 USA) using the KBr pellet technique. The
determination was performed under a transmittance mode at the scan range of 400 - 4000

cm'anda sample scan of 16 times/sample with a resolution of 4 cm’.
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APPENDIX C

1. Comparison of the isolated fungus and Colletotrichum musae sequences

The sequence of isolated fungus

GTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACTGAGTTTACGCTCTG
CAACCCTTTGTGAACATACCTATAACTGTTGCTTCGGCGGGTAGGGTCCCCGTGACCC
TCCCGGCCCCCCGCCCCCGGGCGGGTCGGCGCCCGCCGGAGGATAACCAAACTCT
GATTTAACGACGTTTCTTCTGAGTGGTACAAGCAAATAATCAAAACTTTTAACAACGGA
TCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTG
CAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGCATTCTGGC
GGGCATGCCTGTTCGAGCGTCATTTCAACCCTCAAGCTCTGCTTGGTGTTGGGGCCC
TACAGCAGATGTAGGCCCTCAAAGGTAGTGGCGGACCCTCCCGGAGCCTCCTTTGC
GTAGTAACTTTACGTCTCGCACTGGGATCCGGAGGGACTCTTGCCGTAAAACCCCCC

AATTTTCCAAAGGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGCA

Results

>MHB863549.1 Colletotrichum musae strain CBS 125356 small subunit ribosomal RNA
gene, partial sequence; internal transcribed spacer 1, 5.8S ribosomal RNA gene, and
internal transcribed spacer 2, complete sequence; and large subunit ribosomal RNA
gene, partial sequence
AGGAAGTAAAAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACT
GAGTTTACGCTCTGCAACCCTTTGTGAACATACCTATAACTGTTGCTTCGGCGGGTAG
GGTCCCCGTGACCCTCCCGGCCCCCCGCCCCCGGGCGGEGTCGGCGCCCGCCGGA
GGATAACCAAACTCTGATTTAACGACGTTTCTTCTGAGTGGTACAAGCAAATAATCAAA
ACTTTTAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGAT
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AAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCC
GCCAGCATTCTGGCGGGCATGCCTGTTCGAGCGTCATTTCAACCCTCAAGCTCTGCTT
GGTGTTGGGGCCCTACAGCAGATGTAGGCCCTCAAAGGTAGTGGCGGACCCTCCCG
GAGCCTCCTTTGCGTAGTAACTTTACGTCTCGCACTGGGATCCGGAGGGACTCTTGC
CGTAAAACCCCCCAATTTTCCAAAGGTTGACCTCGGATCAGGTAGGAATACCCGCTG
AACTTAAGCATATCAATAAG

Score Expect Identities Gaps Strand

1051 bits(569) 0.0 569/569(100%) 0/569(0%) Plus/Plus
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