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ABSTRACT
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Advisors:
Dr. Loong-Tak Lim
Dr. Jayasankar Subramanian

Hexanal is an antimicrobial compound with phospholipase D inhibition properties, and
effective for extending shelf life of fresh produce. Due to high volatility and susceptibility to
oxidative degradation, a system to increase its retention is important. In this research, hexanal was
incorporated to zein and hydroxypropyl methylcellulose based coating formulation. Scanning
electron microscopy, Fourier transform infrared, and energy dispersive x-ray spectroscopy
analyses confirmed the dual-layer coating formation. Hexanal incorporation inhibited mold and
bruise development of nectarines. Response surface methodology was used to evaluate the
formulation parameters on response variables. Formulations were not effective in decreasing
weight loss, but were capable of preserving firmness. pH levels of coated fruits were higher than
control (except formulation #11). The fruits coated with central formulation demonstrated 11.98%
Brix, whereas, control had 11.3% Brix at the end of 12 days. The developed coating formulation
could be promising for extending the shelf life of perishable fruits.
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Chapter 1: Introduction

Postharvest loses of perishable fruits (e.g., peaches, nectarines and pears) are substantial
due to their tender texture. Worldwide, large proportions of fruit and vegetable crops are wasted
(up to 40 % in some cases) (Jones, 1973; Xue and Liu, 2019). Postharvest losses of tender fruits
can be decreased with appropriate post-harvest preservation technologies, by maintaining quality
and extending their shelf life allow the fruit growers/distributors to reach domestic and
international markets. Successful application of preservation technologies will also increase
customer acceptance of fresh produce, directly contributing to the economy as well as increasing
the consumers’ wellbeing.
Edible coatings have been widely employed for food materials due to their non-toxic,
biodegradable, and barrier properties (Arnon-Rips et al., 2019; Undurraga et al., 1995; Vargas et
al., 2008; Weber, 2000). They can be formulated by using various combinations of proteins,
carbohydrates and lipids. Edible coatings provide gas, water and aroma barrier properties to the
food components. (Gutiérrez, T, 2018; Hernandez-Izquierdo and Krochta, 2008; Pranoto et al.,
2005; Tavassoli-Kafrani et al., 2016). These properties potentially can be exploited to increase the
shelf life of the fruits and vegetables, especially when edible coatings are incorporated with
antioxidants, antimicrobials, and other preservative agents. Many polymers have been investigated
for edible coating applications. For example, zein (a prolamin from corn) and hydroxypropyl
methylcellulose (HPMC; a modified cellulose) are widely used in coating formulations because of
their barrier and film-forming properties (Anderson and Lamsal, 2011; Lawton, 2002; Pastor et
al., 2010; Rogers and Wallick, 2012). The antimicrobial properties of plant volatiles and their
1

potential in food, pharmaceutical, and medical applications have been studied by researchers
(Janssen et al., 1987; Shelef, 1983; Youdim et al., 1999). Plant volatiles are generally extracted
from plants via distillation methods, as mixtures of terpenoids, aliphatic hydrocarbons, acids,
alcohols, aldehydes, acyclic esters and/or lactones (Dorman, and Deans, 2000).
Hexanal is a naturally found aliphatic aldehyde in plant tissues and an approved food
additive by FDA (Food and Drug Administration) with GRAS (Generally Recognized as Safe)
status. Moreover, hexanal has been proven to be an effective inhibitor of phospholipase-D (PLD)
enzyme to protect the cell membrane degradation in fruits and vegetables and possesses
antimicrobial properties (Lanciotti et al., 2004; Paliyath and Murr, 2007; Paliyath and
Subramanian, 2008). The antimicrobial efficacy of hexanal is associated with the interaction
between the formyl group and the cytoplasmic membrane proteins that results in an increase in
permeability Nonetheless, hexanal has a high vapor pressure (11.26 mm Hg at 25 °C) and is
susceptible to oxidative degradation (Ambrose et al., 1975; Bawn and Williamson, 1951; Daubert
and Danner, 1985; Jorissen and van der Beek, 1930). Therefore, developing a carrier to stabilize
and deliver hexanal is essential during end-use applications. The main objective of this research is
to develop a zein and HPMC-based edible coating incorporated with hexanal for fruit preservation.
Following a brief introduction in Chapter 1, Chapter 2 presents a literature review to
provide fundamental background to the current research. Chapter 3 explains the research problems,
establishes the research hypotheses, and highlights the research objectives. Chapters 4, 5, and 6
describe the methodologies for development of coating formulations for delivery of hexanal to
nectarines, as well as proving the research results. Chapter 7 presents conclusions and summarizes
the main implications of the research, as well as proposing future works.
2

Chapter 2: Literature review

2.1 Edible coatings
An edible film is a thin layer of edible material that is often used for as a barrier to moisture,
oxygen, and aroma for extending the shelf life and preserving the quality parameters of fresh
produce (Falguera et al., 2011; Lacroix, 1999; Zaritzky et al., 2011). Edible films are stand-alone
structures and formed separately from food. They are generally placed between food components
and sealed into edible pouches (Benbettaieb et al., 2019; Park, 1995; Robertson, 2013). In addition,
food components can be wrapped with edible films. On the other hand, edible coatings are very
thin layer of materials that are formed directly on the food surfaces (Janjarasskul and Krochta,
2010; Pilar Montero et al., 2017).
Edible coatings provide a protection for gas exchange and moisture permeation, as well as
decreasing physiological damages, and lowering respiration rates of fresh produce (Baldwin et al.,
2012; Vargas et al., 2008). To prepare optimal edible coatings, different biopolymers such as
proteins, polysaccharides, lipids, and their combinations at various ratios have been formulated as
carriers for various bioactive compounds (Rhim and Ng, 2007; Saha et al., 2017; Tavassoli-Kafrani
et al., 2016). They can be also used as delivery systems for antimicrobial agents, nutraceuticals,
antioxidants, vitamins, and flavors that can protect the quality and nutritional properties of the
products (Karaca et al., 2014; Martín-Belloso et al., 2009; Pranoto et al., 2005; Quezada-Gallo,
2009).
The coating formulations can be applied to the surface of the products via different methods
such as spraying, brushing and dipping by considering the surface properties of the food materials
3

and viscosity of the formulations. The primary points of interests of these coatings are their
edibility, non-toxic properties, cost effectiveness, and minimal effect on taste when compared to
other engineered coating materials (Prasad et al., 2005; Vieira et al., 2011). Since edible coatings
are made out of biodegradable polymeric materials, they have a great potential to reduce the
amount of synthetic packaging wastes (Dhall, 2013; Vidal et al, 2007). Therefore, the development
of edible coatings to extend the shelf life and quality parameters of fresh produce has drown
considerable interests from the food industry.
Microbial growth (yeasts, molds and bacteria) is one of the common reasons of food
spoilage. In addition, temperature changes can cause condensation of the water on the surface of
the packaged foods, thereby promoting microbial growth (Torres et al. 1985). Antimicrobial
compounds such as benzoic acid, sodium benzoate, sorbic acid, potassium sorbate, and propionic
acid have been used to provide extra hurdles to microbial growth (Embuscado and Huber, 2009).
Edible coatings can serve as useful carriers of antimicrobial agents. This approach is attractive
since the coating formulations can be applied on food surfaces to deliver the antimicrobial where
microbial contamination tends to be the most prevalent, thereby reducing the amount of
antimicrobial agent needed to achieve the minimal inhibitory effect. Moreover, diffusion rate of
the preservative agents to the interior of the foods can also be manipulated by modifying the
material properties of the coating carrier.
In addition to antimicrobials, antioxidant compounds can be incorporated to the edible
coating systems, which can protect the color, enhance the shelf life, and increase the nutritional
value. Citric acid, ascorbic acid, catechins, epicatechin, flavonoids, anthocyanins, gallic acid, and
tocopherols are some examples for antioxidant compounds employed for edible coating
4

applications (Embuscado and Huber, 2009). Other additives, such as flavorings, colorings, and
sweeteners have also been integrated to the edible coating formulations to improve the
organoleptic properties of food products (Gennadios, 2002). Table 2.1 summarizes selected
applications of the edible coatings for the preservation of fresh fruit and vegetables.

Table 2.1 Some applications of the edible coatings to fruit and vegetables.
Base coating
materials

Additives

Fruit or

Effects

References

Vegetable
Alginate, apple
puree (in
distilled water)

Lemongrass (1
and 1.5%, w/w),
oregano (0.1 and
0.5%, w/w),
vanillin (0.3 and
0.6% w/w),
glycerol (1.5%,
w/w)

Apple

Reduced the
psychrophilic
bacteria, mold and
yeasts.

Rojas-Grau et al.
(2007).

Zein (in
aqueous
ethanol)

Glycerol (1.6,
0.3, 0.5%, w/w)

Tomato

Preserved color and
firmness; extended
shelf life.

Park et al. (1994).

Whey protein
(in distilled
water)

Calcium chloride
(0.125% w/v),
glycerol (2.5%,
v/v)

Apple

Protected texture and Lee et al. (2003).
firmness.

Methylcellulose Chitosan (0.1,
(in aqueous
1.5, 2.0%, w/w),
ethanol)
glycerol (2.0%,
w/w)

Melon

Reduced mesophilic
aerobes, mold and
yeasts.
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Krasaekoopt and
Mabumrung (2008).

Methylcellulose
and its stearic
acid derivative
(in aqueous
ethanol)

Ascorbic acid
(1%, v/v),
potassium
sorbate (0.1%,
v/v), calcium
chloride (0.25%
v/v)

Pear

Decreased browning
and weight loss.

Olivas et al. (2003).

HPMC,
beeswax, and
shellac (in
distilled water)

Glycerol (2:1,
HPMC:glycerol
w/w)

Plum

Decreased weight
loss and internal
tissue breakdown.

Pérez-Gago et al.
(2003).

Cactusmucilage (in
distilled water)

Glycerol (5%,
w/w)

Strawberry

Increased shelf life.

Del-Valle et al.
(2005).

Alginate (in
distilled water)

Glycerol (1.5%,
w/v), sunflower
oil (0.025%.
w/v), calcium
chloride (2%,
w/v), ascorbic
and citric acid
(1%, w/v)

Pineapple

Protected the texture
and delayed drying.

Montero-Calderon et
al. (2008).

Whey protein
and sodiumcaseinate (in
distilled water)

None

Bell
peppers

Reduced decay and
color changes.

Lerdthanangkul and
Krochta (1996).

Carboxymethyl
cellulose and
soy protein (in
distilled water)

Ascorbic acid
(0.5%, w/v),
glycerin (0.2%,
w/v)

Apple

Decreased browning. Baldwin et al.
(1996).
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Soy protein,
pullulan (in
distilled water)

Glycerol (1%,
w/v), stearic acid
(0.8% w/v)

Kiwifruit

Preserved firmness.

Xu et al. (2001).

Methylcellulose None
(in distilled
water)

Carrot

Extended shelf life
and preserved
carotene.

Li and Barth (1998).

Zein (in
aqueous
ethanol)

Cysteine,
ascorbic acid,
jamun leaves
extract (0.2%,
w/w)

Jamun fruit

Increased
antioxidant activity;
extended shelf life.

Baraiya et al. (2015).

Whey protein
isolate (in
distilled water)

Flax seed oil (0,
5, 10%, w/w),
beeswax (0, 5,
1%, w/w)

Plum

Decreased weight
loss; enhanced
glossy appearance.

Reinoso et al.
(2007).

2.2 Coating polymers
Edible coatings are manufactured by using polymeric materials which possess filmforming abilities. For edible coating and film application, the base materials are mainly derived
from proteins, polysaccharides, and/or lipids (Figure 2.1). Typically, these materials are dissolved
in a suitable solvent system (water, alcohol, mixture of water and alcohol, or mixture of other
solvents). Once uniform solution is achieved, other ingredients such as plasticizers and
biologically active compounds are incorporated to the coating solutions. In order to facilitate the
dispersion, pH of the solution and the temperature may be adjusted depending on the coating
system (Dhall, 2013). Film-forming solutions can either be applied to directly to food materials as
coating or can be casted and dried to manufacture free-standing films.
7

Cellulose derivatives, starch, alginate, and carrageenan are the most commonly used
polysaccharide-based materials for the edible coating applications (Anker, 1996; Krochta and
Mulder-Johnson, 1997; Rhim and Ng, 2007). Polysaccharides are hydrophilic. Therefore, they
show poor water vapor barrier properties. However, they are widely employed in coating
formulations to improve the mechanical and gas barrier properties of edible coatings. Animal and
plant based proteins can also be used as base material for edible coating solutions, such as casein,
whey protein, corn zein, wheat gluten, and soy protein. They show excellent barrier properties for
aroma, oil and oxygen when they are dry. But their barrier properties weakened substantially when
exposed to moisture and elevated relative humidity (Aydt et al., 1991; Kester and Fennema, 1986).
By contrast, prolamins (e.g., zein, gluten) have considerably better water vapor barrier properties
compared to other proteins due to the high proportion of hydrophobic amino acid residues in their
structures (Section 2.2.1). Finally, lipid-based edible coatings are also used for edible coating
applications. Paraffin wax and beeswax are the most effective lipid compounds for decreasing
moisture transfer due to their hydrophobic nature. Fatty acids and acetylated glycerides are also
used as lipid-based materials in coating applications. Due to forming thick and brittle films, lipids
are mostly combined with proteins and polysaccharides in formulations (Cha and Chinnan, 2004;
Debeaufort et al., 1993; Garcia et al., 2000; Guilbert et al., 1995).
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Edible Coatings

Polysaccharides

Proteins

Lipids

Waxes
Fatty acids

Plant

Animal

Zein (Corn)
Casein (Milk)

(So
Soy (Soybean)

Whey (Milk)

Gluten (Wheat, rye, barley)

Collagen/gelatin (Animal bones and connective tissues)

Starches

Hemicelluloses

Gums

-Potato

-Barley

-Guar Gum

-Corn/maize

-Alginate

-Wheat

-Carrageenan

-Rice

-Pectin

Chitosan/chitin

Fig. 2.1 Classification of the biodegradable based materials for edible coating applications
(Bourlieeu et al., 2009; Embuscado, and Huber, 2009; Plackett, 2011; Robertson, 2013).
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Edible coatings are mostly formulated by combining more than one element to achieve the
desired food protection properties (McHugh et al., 1994). For example, zein films produced by
solvent casting method are relatively more hydrophobic than other protein counterparts, with
decent barrier properties against grease and microbial contamination (Deng et al., 2018; Luecha et
al., 2011; Shi et al., 2009). However, pure zein films are opaque and brittle despite the use of low
molecular weight plasticizers. Blending zein with other compatible polymers is a common strategy
to enhance the physical properties of the resulting composite coating. For example, hydroxypropyl
methylcellulose (HPMC), a biodegradable modified polymer from cellulose, shows excellent filmforming ability (Bruce et al., 2011; Li et al., 2002; Sarkar, 1995). Besides, HPMC-based coatings
have good mechanical and excellent oxygen barrier properties (Greminger et al., 1974; Pygall et
al., 2018; Rogers and Wallick, 2012). Thus, designing a composite coating by combining the
advantages of zein and HPMC can be a promising approach to exploit the desirable material
properties of these polymers. By manipulating the composition of the polymer matrix and
strategically incorporating active compounds into the coating solution, the protective properties of
edible coatings can be tailored for specific applications. In the following sections, literature
reviews on zein and HPMC, the two polymers of interest of this research, are presented.

2.2.1 Zein
Zein is a protein found in corn (Momany et al., 2005). It is a prolamine soluble in aqueous
ethanol. It can be classified in four categories based on solubility and sequence homology, i.e., αzein (19 and 22 kDa), β- zein (14 kDa), γ -zein (16 and 27 kDa) and δ-zein (10 kDa) (Esen 1987;
Thompson et al., 1989). α-zein constitutes 70-85% of total fraction of zein, whereas 10-20%
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represents the δ-zein (Wilson, 1991). α-zein comprises of highly homologous repeat units and has
a high α-helix content (Matsushima et al., 1997). Zein is lacking lysine and tryptophan, whereas it
has few arginine and histidine residues in its molecular structure. α-zein consists of two subfractions Z19 and Z22 of molecular weight 23000-240000 and 26000-27000, respectively
(Pedersen et al., 1982). Both zein fractions include 210 and 245 amino acids, respectively. Z19
and Z20 are homologous to each other: N terminals contain 35 to 37 amino acids, C terminals
possess 8 amino acids, and central domain includes 9 or 10 repetitive domains for Z19 and Z20,
respectively (Pedersen et al., 1982).
Figure 2.2 demonstrates the model structure of α-zein proposed by Matsushima et al.
(1997). In the model, antiparallel helices of consecutive repeats stay linearly in the direction
perpendicular to the helical axis, resembling the shape of a rectangular prism with a dimensions of
130 x 30 x 12 A°. Each helical rotation includes 3.6 amino acids residues extending the axial length
1.5 A° (Schulz and Schirmer, 1979). Thus, 30 A° dimensions originates from 1.5 A° x 20 in which
20 is the average number of amino acid residues per repeat. The 12 A° dimension results from the
diameter of the α-helix, whereas the 130 A° is from 12 A° (diameter of a-helix) x 11 (number of
repeat units, with the N-terminal part considered to contribute one further repeating structure).

Fig. 2.2 The model structure of α-zein proposed by Matsushima (Matsushima et al., 1997).
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Zein protein has abundant of hydrophobic and neutral amino acids (e.g., leucine, proline,
alanine), with some polar amino acid such as glutamine (Coleman and Larkins, 1999). More than
50% of the amino acids in zein have nonpolar properties. Therefore, zein is relatively more
hydrophobic than other proteins. It is soluble in acetone, acetic acid, aqueous alcohols, and alkaline
solutions (Lawton, 2002). Due to its excellent biocompatibility, biodegradability, and solubility
behavior in organic solvents, superior film forming, thermoplastic behaviors, gas and moisture
barrier properties, zein is widely used in the food industry, such as coating materials for fresh
produce, dried fruits, and candies (Bai et al., 2003; Corradini et al., 2014; Kashiri et al., 2017;
Yemenicioglu, 2016).
However, pure zein films have opaque appearance and exhibit poor mechanical properties
such as brittleness and low toughness (Luecha et al, 2010; Zhang et al., 2015). In order to overcome
these issues, zein is often blended with other materials to produce composites with enhanced enduse material properties (Yao et al., 2007). For example, plasticizers are the additives that can be
incorporated in zein to alter its physical properties. Different fatty acids (e.g., palmitic, stearic,
oleic and linoleic) and polyols (e.g., sorbitol, glycerol and polyethylene glycol) have been
employed as plasticizers to improve mechanical properties of edible film and coatings.
Incorporating them in protein matrices can decrease the intermolecular interactions, thereby
resulting in an increase in polymer chains mobility (Rodriguez et al., 2016). Plasticizers such as
glycerol and polyethylene glycol have been employed to reduce the brittleness and improve the
flexibility of zein (Yemenicioglu, 2016; Zhang et al., 2015), by depressing the glass transition
temperature of the protein matrices (Wongsasulak et al., 2010). Glycerol is particularly effective
to increase the elongation at break, weaken the tensile strength of zein films (Wongsasulak et al.,
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2010; Zhang et al., 2015). Xu et al. (2012) investigated the effects of oleic acid and glycerol on
the mechanical properties of zein films. They observed that both glycerol and oleic acid were
effective in increasing the elongation to break up to 20%. Glycerol was found to be more efficient
on increasing elongation to break than oleic acid (Xu et al., 2012). Other factors that are important
for manipulating the physical properties of zein include total polymer content in the coating
formulation, polymer ratio (in blend systems), solvent ratio, and drying conditions.
Zein can be applied as coating on product surfaces or as pre-cast zein films for food
wrapping. Moreover, these structures are useful for separating food components to prevent
undesirable mass transports to extend product shelf-life (Beck et al., 1996; Gutiérrez, 2018; Herald
et al., 1996; Shih, 1998). Baysal et al. (2009) investigated the effects of zein-based edible coatings
on the quality attributes of tomatoes for up to 10 months of storage at 5 and 20 °C. In their study,
potassium sorbate and ascorbic acid were incorporated into the coatings as antimicrobial and
antioxidant agents, respectively. They showed that zein coating decreased the weight loss of the
tomato compared to the control samples. Furthermore, microbial growth on tomatoes was reduced
substantially due to the potassium sorbate added in the coating formulations (Baysal et al., 2009).
Baraiya et al. (2015) evaluated the effects of zein coatings fortified with antioxidants - cystein,
ascorbic acid, and jamun leaves extract, on the postharvest quality and the shelf life of jamun fruits
for 2 weeks at 10 ± 2 °C. The coating decreased weight loss, delayed ripening, preserved firmness,
and reduced tissue damage of the fruits as compared to the control samples. Fortified with ascorbic
acid (0.2%) and jamun leaves extract (0.2%), the coating increased the antioxidant activity of the
fruit. Coatings incorporated with cystein and jamun leaves extract preserved fruits firmness by
slowing down polygalacturonase enzyme activity, which is responsible for softening of fruits by
13

hydrolyzing pectin during ripening (Baraiya et al., 2015; Schols et al., 2009). The study
demonstrated that zein-based coating formulations were effective to prolong the shelf life of jamun
fruits for up to 20 d.
Boyaci et al. (2019) formulated antimicrobial zein coatings for melons by incorporating
eugenol, carvacrol, and thymol essential oils to inhibit bacterial growth. Their study demonstrated
that the coatings were efficient to inhibit the growth of Listeria innocua and Escherichia coli by
minimum 3.9 and 2.7 log in day 1 at 10 °C (Boyaci et al., 2019). In addition, L. innocua and E.
coli were reduced by 2-3 decimal on fruit surfaces by the zein coatings incorporated with 2% (w/w)
eugenol (Boyaci et al., 2019). The brittleness of zein films were decreased with the incorporation
of eugenol, carvacrol, and thymol at 1% (w/w), 3% (w/w), and 2% (w/w) ratios, respectively. In
addition, incorporation of 3% (w/w) eugenol in the zein formulation showed superior oxygen
barrier properties. Other antioxidants and antimicrobials incorporated by researchers in zein
coatings are catechin, gallic acid, carvacrol, thymol, lysozyme, nisin, and so on (Arcan and
Yemenicioglu, 2011; Gucbilmez et al., 2007; Hoffman et al., 2011; Kashiri et al., 2017).
Park et al. (1994) studied the effect of zein coatings on the storage life of tomatoes. They
have prepared three zein solutions (A, B, and C) by using 54 g zein, 14 g glycerin, and 1 g citric
acid dissolved in 520 g, 260 g, and 130 g ethanol (95%, v/v), respectively. Tomatoes from three
different groups were dipped in A, B, and C solutions for 10-15 s. Then, they were dried at ambient
conditions (21 °C, 55-65% RH). Their results demonstrated that the edible coatings prepared from
solutions A and B were able to delay the ripening of tomatoes for 6 days.
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2.2.2 Hydroxypropyl methylcellulose
Cellulose is considered as one of the most common biopolymers in the nature. It is a linear
polymer that possess anhydroglucose building block units, linked by β-1-4 glycosidic bonds. The
reactive hydroxyl groups are located at the C-2, C-3 and C-3 positions of the anhydroglucose units
(Richardson, 2003). Figure 2.3 represents the molecular structure of HPMC (Fairclough et al.,
2012). Since cellulose has inter- and intra-molecular hydrogen bondings between the hydroxyl
groups and the glucose ring oxygen, the polysaccharide it is not soluble in water (Jablonska, 2011).
To increase its water solubility, cellulose is modified into derivative polymers such as methyl
cellulose, hyroxypropyl methyl cellulose (HPMC), hyroxypropyl cellulose. These cellulose
derivatives are generally colorless, odorless, tasteless, flexible, soluble in the water, and have low
oxygen permeability properties (Krochta and Mulder-Johnson, 1997).
HPMC is a modified cellulose polymer available commercially for edible coating and
controlled release applications in food and pharmaceutical industries. HPMC is a water-soluble
polymer that forms transparent solution or slight cloudy solution in cold water (Hu et al., 2016). It
is insoluble in anhydrous ethanol, ethyl ether, and acetone, but can be dissolved in other organic
(e.g., anhydrous methanol, chlorinated hydrocarbons, ketones) and blend (e.g., ethanol/water,
propanol/water) solvents (Badshah et al., 2011; Timmins et al., 2014).
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R=CH3 or CH2CH(OH)CH3
Fig. 2.3 Molecular structure of HPMC (Fairclough et al., 2012).
In their research, Formiga et al. (2019) investigated the effects of HPMC and beeswax (10,
20 and 40% on dry basis) edible coatings on the shelf life of red guavas at 21 °C. Their results
demonstrated that HPMC and beeswax treated guavas had higher firmness, decreased weight loss,
and greener color than the control samples. They found that guavas coated with HPMC and 20%
beeswax showed had the highest quality with an increase of six days of shelf life. Rong-yu and
Yao-wen (2003) evaluated the effects of HPMC coating on the firmness and color of tomatoes for
18 d at 20 °C. Their HPMC coated tomatoes had higher firmness than control samples during 7,
13 and 18 d of storage, with considerable delay in red color development in the HPMC coated
tomatoes. HPMC edible coatings can also serve as a protective barrier on the surface of the fruits
to limit O2 and CO2 permeation (Rong-yu and Yao-wen, 2003). Reducing O2 and elevating CO2
concentrations can suppress the respiration of fruits and ethylene synthesis (Rong-yu and Yaowen, 2003), thereby extending the shelf life of fresh produce.
Valencia-Chamorro et al. (2011) studied the effects of HPMC-lipid based edible coatings
with antifungal preservatives on the quality of ‘Clemenules’ mandarins. They incorporated
potassium sorbate, sodium benzoate, sodium propionate, and their combinations into HPMC-lipid
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(beeswax and shellac) coating formulations. Coated fruits were inoculated with Penicillium
digitatum or Penicillium italicum (responsible for green and blue molds) and kept at 5 °C for 30
d. An additional 7 d of storage was tested on samples stored at 20 °C. They reported that green and
blue mold developments were decreased with HPMC-lipid coatings with antifungals. Furthermore,
the firmness of coated mandarins was preserved and the weight loss was decreased. They
concluded that coating procedure did not cause any negative effects on the sensory properties of
the fruits.
Dave et al. (2017) evaluated the effects of edible coating formulations that are composed
of HPMC, soy protein isolate, and olive oil at different ratios for protecting the quality parameters
of ‘Babughosha’ pears at 28 ± 5 °C and 60 ± 10% relative humidity (RH). The coating solutions
were prepared by dispersing HPMC, soy protein isolate, olive oil, and potassium sorbate in
distilled water. Glycerol was added as a plasticizer. The coating solutions were then heated with
constant stirring at 80-85 °C for 15 min (Dave et al., 2017). They reported that β-galactosidase,
polygalacturonase, and pectin methyl esterase enzymatic activities, which are the contributors to
the fruit softening and the moisture loss, were decreased. Moreover, ascorbic acid and sugar
content of pears were reduced in coated fruits. With an optimal coating formulation (5.0% soy
protein isolate, 0.40% HPMC, 0.98% olive oil, and 0.20% potassium sorbate, w/w), Dave et al.
reported an increase of shelf life in pear by 7 d as compared to the control fruits (Dave et al., 2017).
Similarly, Klangmuang and Sothornvit (2007) prepared HPMC-based coatings
incorporated with antifungal essential oils derived from plai, ginger and fingerroot. The coatings
were evaluated for their efficacy on preserving the quality parameters of mango fruits. HPMCbased emulsions were prepared by combining hydrophilic phase (which made up of HPMC) and
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the hydrophobic phase (made up of beeswax) suspended in the water. Glycerol was used as
plasticizer, whereas stearic acid is employed as emulsifier. All coating formulations was prepared
using constant ratio of HPMC-beeswax (4:1), HPMC-glycerol (3:1), and beeswax-stearic acid
(5:1). The essential oils from plai, ginger and fingerroot were incorporated into the HPMC-based
nanocomposite solution to reach the final essential oil concentration of 15g/L in the solution. The
mixtures were then homogenized for 5 min (Klangmuang and Sothornvit, 2007). They reported
that the coated mangos had higher firmness, more soluble solid content, and lower weight loss as
compared to the control samples. The results revealed that the coated mangos maintained their
quality for 18 d at 13 °C (Klangmuang and Sothornvit, 2007). Among the three essential oils tested,
the one from ginger was the most effective to inhibit the growth of Colletotrichum gloeosporioides,
which is one of the most common fungal pathogens responsible for anthracnose disease in fruits.
The researchers concluded that the HPMC-based coating integrated with ginger oil was the most
optimal for preserving the quality and sensory properties of mango fruits (Klangmuang and
Sothornvit, 2007).
Silva-Vera et al. (2018) evaluated the spray system applications of edible coating
suspensions based on hydrocolloid containing cellulose nanofibers on grape surfaces. They have
prepared a suspension of 2 L total volume where 0.2% (w/v) of k-carrageenan was dissolved in
400 ml distilled water with constant agitation. Then, 4% (w/v) HPMC was dissolved in 1.2 L
distilled water. Last, both suspensions were mixed, and 10% (w/w) glycerol and 1% (w/w) were
added at 40 °C under continuous stirring for 2h at 800 rpm. Next, suspension was stored for 24 h
at 25 ±2 °C. The suspension was sprayed onto the grape surfaces for 20 s, and the samples were
stored at 1 h at 22 ±2 °C. Their research showed that coated grapes showed 30% and 34% lower
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final weight loss and water vapor permeability values, respectively (Silva-Vera et al., 2018). On
the other hand, there was no noticeable changes in pH and total soluble sugars.
In another study, Pérez-Gago et al. (2003) prepared edible coating emulsions to study the
effect of HPMC-lipid based coatings on plum quality. To prepare the emulsion coatings, 5% (w/v)
was dispersed in hot water 80 °C. Then, stearic acid and glycerol were added, as emulsifier and
plasticizer, respectively. HPMC-plasticizer phase included 2 parts HPMC and 1 part glycerol (dry
basis), whereas lipid (beeswax or shellac)-stearic acid phase included 5 part lipids and 1 part fatty
acid (dry basis). These ratios were kept constant in the study. Beeswax or shellac were added to
HPMC-stearic acid-glycerol mixture at 20% and 60% dry basis levels. Solutions were previously
heated above the melting point of the lipids. Once the lipids were melted, the samples were
homogenized with high shear mixer for 4 min at 30000 rpm. Next, cold water was added to reach
up to the 4% total solid content in emulsions. Plums were dip-coated by immersion in coating
emulsions for 90 s. Following the coating procedure, the plums were stored up to 6 weeks at 1 °C
and 85 ± 5% RH. Their research showed that 20% beeswax-based coatings were more effective
decreasing weight loss than 20% shellac-based coatings. On the other hand 60% shellac-based
coatings provided higher moisture barrier than 60% beeswax-based coatings. The coating
applications enhanced the plum quality in prolonged storage at 20 °C (Pérez-Gago et al., 2003).
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2.3 Preparation methods of edible coatings
During the preparation of coating solutions, the polymers and additives are dissolved in a
proper solvent system to form a clear and homogeneous solution. Often time, the coating
formulation may contain insoluble solids suspended in a liquid medium, forming a multi-phase
system. On the other hand, emulsions are formulated by dispersing one liquid droplets in another
liquid that are immiscible. Following the preparation of the solution, spraying, dipping, and
brushing are the commonly used methods to produce edible film and coatings. By considering the
surface morphology of the foods (e.g. roughness, geometry), material properties of the coating
formulations (e.g. viscosity), and drying conditions (e.g. temperature and relative humidity), an
optimal coating application method should be chosen. The characteristics of these processes are
briefly discussed in this section.
Spraying involves the application of solutions as fine droplets onto the surface of the food
products. A spray system increases the surface area of liquids through the formation of fine
droplets and evenly distributing them to the surface of the foods via a nozzle. The main advantages
of this technique are formation of uniform coatings, good thickness control, provision of forming
multilayer structures, continuous process and so on (Dewettinck and Huyghebaert, 1998; Hagers,
1997; Martín-Belloso et al., 2009). Suitable spraying is achieved by controlling droplet diameters
and distribution that depend on fluid properties and nozzle design. Different spraying systems and
nozzle structures can be designed and employed depending on the physical properties (e.g.,
viscosity, surface tension, and temperature) of the used liquids (Hede et al., 2008; Lin and Krochta,
2006). Liquid viscosity primarily affects spray pattern formation and drop size. Liquids with a
high viscosity need a higher minimum pressure to begin spray pattern formation, and give narrower
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spray angles compared to water (Ashgriz, 2011; Jenkins, 2012). Surface tension could be described
as the property of the surface of a liquid that enables it to resist an external force, because of the
cohesive nature of its molecules (Defay et al., 1966). The main effects of surface tension are on
minimum operating pressure, spray angle, and drop size (Aykas, 2012; Pagcatipunan and Schick,
2005). Surface tension is more prominent at low operating pressures. A higher surface tension
decreases the spray angle on nozzles. Low surface tensions can enable nozzles to be functioned at
lower pressures. Liquid temperature changes can affect viscosity, surface tension, and specific
gravity, which can then influence the spray nozzle performance. Because the coating solution is
contained within the nozzle in a sealed system, it is also protected from possible contaminations.
Moreover, precise temperature control of the spray solution is feasible (Valdés et al., 2017). This
method is suitable for applying low viscosity coating solutions (0.04 to 4.0 Pa.s) to the food
surfaces (Kulkarni and Sojka, 2014; Luo and Edirisinghe, 2014).
Dipping is suitable for coating especially fruits, vegetables and meat products. In dipping,
food products are dipped into aqueous or wax coating formulations, and they are dried or solidified
to form a film layer on the surface. This technique consists of three main steps which are
immersion, deposition, and evaporation (Valdés et al., 2017). During the immersion process,
dwelling of the submerged product in the coating solution is essential to ensure maximal wetting
of the food surface. In deposition step, a thin layer of solution develops on the surface and excess
coating solution is removed. Finally, the film is formed on the food surface after solvent
evaporation. Spreading/brushing is another edible food coating application method. In this
procedure, coating-forming formulation is applied onto the food surface using a brush in order to
form a thin layer of coating and then let it dry.
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Figure 2.4 represents the schematic formation of edible food coating on fruit. Following
the incorporation of the bioactive ingredient into polymer-based formulation, coating forming
solution is applied to the surface of the fruit. Edible coatings can protect food components from
microbial growth, mechanical stress, UV light, and chemical reactions by acting as barrier between
food surface and surrounding environment.

Fig. 2.4 Schematic representation of bioactive incorporated edible food coatings

2.4 Hexanal
Aldehydes have a sp2-hybridized planar carbon carbonyl center that includes a carbon atom
bonded to a hydrogen atom and an R group. They possess the functional formyl group (–CHO) in
their molecular structure. The antimicrobial efficacy of aldehydes such as hexanal,
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cinnamaldehyde, benzaldehyde, glutaraldehyde and ortho-phthalaldehyde are mostly associated
with the interaction between the formyl group and the cytoplasmic membrane proteins that results
in an increase in permeability (Ramos-Nino et al. 1998; Tsuchiya 2001). Therefore, aldehydes are
widely employed as antimicrobial compounds to provide protection against bacterial and fungal
pathogens.
Hexanal is an aliphatic aldehyde naturally found in plant tissues. It is an approved food
additive often used as a flavoring agent in the food industry. Hexanal has been defined as a
Generally Recognized as Safe (GRAS) plant compound by FDA (Food and Drug Administration)
(U.S. Food and Drug Administration, retrieved on May 22, 2020).
Phospholipase D (PLD) is the main enzyme responsible for catabolic reactions, resulting
in membrane deterioration in fruits and vegetables (Paliyath and Subramanian, 2008; Paliyath and
Droillard, 1992). Deterioration of the membrane occurs in the ripening phase, resulting in the loss
of textural properties of fresh produce. By inhibiting PLD activity, hexanal protects firmness,
color, and visual appearance of fruits, enhances the antioxidant activity and the shelf life, decreases
weight loss, as well as delaying the ripening process of fruits (Ashwini et al., 2018; Cheema et al.,
2014;2018; Paliyath et al., 2003; Sharma et al., 2010).
Hexanal and other six-carbon aldehydes are produced via fatty acid degradation through
the lipoxygenase pathway in wounded and ripened fruits (Hildebrand, 1988). Membrane lipid
catabolism can be controlled by the effect of hexanal on PLD activity (Paliyath et al., 2015). In the
plant cell membranes, hydrolysis of phospholipids into phosphatidic acids and their corresponding
head groups are catalyzed by PLD. Phospholipid head groups are also replaced by primary alcohols
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to produce phosphatidyl alcohol. The decrease in firmness in fruits is in part due to these reactions
(Paliyath and Subramanian, 2008; Sang et al., 2001).
Researchers have demonstrated the efficacy of hexanal in extending the shelf-life of fresh
produce. For example, Cheema et al. (2018) evaluated the effect of postharvest hexanal vapor
treatment on the quality properties, shelf life and the antioxidant activity of sweet bell peppers for
21 d of storage. Ripening of the bell peppers was decreased and quality parameters were protected
by 0.005, 0.01, and 0.02%, (w/w – fruit weight basis) hexanal vapor treatments compared to
control samples (Cheema et al., 2018). They found that hexanal treatments increased the firmness,
antioxidant enzyme activity (superoxide dismutase, catalase, glutathione reductase and guaiacol
peroxidase), and reduced water loss and electrical conductivity that demonstrates protected
membrane structure samples (Cheema et al., 2018). At 0.01% (w/w) level, hexanal vapor treatment
was the most effective on extending the shelf life of sweet bell peppers. In another study, Cheema
et al. (2014) studied the effect of pre- and postharvest treatments of hexanal incorporated
formulations on quality parameters of tomatoes. They evaluated the effects of an aqueous hexanal
formulation and enhanced freshness formulation (EEF) that includes hexanal as well as ascorbic
acid, geraniol and tocopherols (Sharma et al., 2010). The tomatoes that were sprayed with preharvest EFF including 1 mM hexanal for two times in a week showed higher firmness and
protected color compared to control and to those just treated with aqueous hexanal formulation
(Cheema et al., 2014). In addition, the study demonstrated that ascorbic acid and soluble solid
levels in tomatoes increased with pre-harvest spray treatment of 1 mM hexanal for two times per
week compared to control and to those treated with EFF (Cheema et al., 2014). Moreover,
postharvest dipping of tomatoes into 2 mM hexanal containing EFF increased the fruit firmness,
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ascorbic acid levels, and reduced the red color development at the end of 21 d (Cheema et al.,
2014).
Song et al. (2010) studied the effect of hexanal vapor for controlling the postharvest decay
and extending the shelf life of highbush blueberry fruits (‘Duke’, ‘Brigitta’ and ‘Burlington’). They
applied hexanal vapor at 900 µL L-1 to highbush blueberry fruit either right before the storage or
applied after 1 and 2 weeks of controlled atmosphere storage conditions at 0.5 °C for up to 15
weeks. Blueberries were removed from the storage after 3, 5, 7, 9, 12 and 15 weeks, and analyzed
following 1 or 7d at 10 °C. Fruit splitting in Duke was decreased 17 % with hexanal treatment
after 9 weeks controlled atmosphere storage and followed by 7 days at 10 °C (Song et al., 2010).
Marketability of the fruits in all cultivars was 20-40 % higher with hexanal treatment after 12
weeks of storage. In addition, Burlington showed higher fruit firmness compared to the control.
The study showed that hexanal vapor was effective in decreasing fruit decay, protecting quality,
and extending the shelf life (Song et al., 2010).
As well as being an effective PLD inhibitor, hexanal also shows antimicrobial activities
that can help to extend the shelf life of fruits and vegetables (Cheema et al., 2014). Scientists have
discovered that hexanal has antimicrobial properties against some important fungal pathogens.
Penicillium expansum, Botrytis cinerea, Alternaria alternata, Sclerotinia sclerotiorum,
Colletotrichum gloeosporioides, and Monilinia fructicola can be given as examples of these
microorganisms (Song et al., 1996, 2007). In their study, Lanciotti et al. (2003) investigated the
effects of different concentrations of hexanal, (E)-2-hexenal, hexyl acetate, and their mixtures to
on fresh sliced apples. These compounds were effective for inhibiting pathogenic microorganisms,
including Escherichia coli, Salmonella enteritidis, and Listeria monocytogenes. The study
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demonstrated that hexanal, (E)-2-hexenal, hexyl acetate (150, 150, 20 ppm respectively, based on
the total volume of 10 ml vials) prevented the growth of L. monocytogenes and prolonged the lag
phase of E. coli and S. enteritidis. Song et al. (1996) evaluated the effect of hexanal vapor on
inhibiting the fungal activity on potato dextrose agar in a humidified and anaerobic environment
at 22 °C. The growth of P. expansum and B. cinerea was decreased at 50% compared to controls
with the treatment of 100 ppm hexanal vapor after 48 hours (Song et al., 1996). The hexanal
treatment at 250 ppm (mixed with hexanal-free air) was able to inhibit the growth of both fungi
during the experiment, but after 120 h, there was an observable fungi growth (Song et al., 1996).
When hexanal vapor concentration was increased to 450 ppm, the complete inhibition of fungi
growth was achieved without regrowth (Song et al., 1996). Moreover, the inoculation of these
fungi into the apple slices, followed by the treatments with the same concentrations of hexanal
vapor, resulted in decreased decay lesion on fruit tissues. Furthermore, the hexanol and
hexylacetate compounds were produced in apple slices due to conversion of hexanal into aroma
volatiles (Song et al., 1996).
Lanciotti et al. (1999) evaluated the effects of hexanal on the shelf life of fresh apple slices
and its inhibitory properties on the microbial growth during different storage temperatures (4 °C
and 15 °C). They demonstrated that the growth of mesophilic bacteria was completely inhibited
and the lag phase of psychrotrophic bacteria was significantly delayed at 4 °C. In addition, the
growth of molds, yeasts, and mesophilic and psychrotrophic bacteria at 15 °C was substantially
inhibited due to hexanal activity. Moreover, when hexanal used in a modified atmosphere storage
set-up (30% CO2 and 70% N2), apple slices were protected from browning for 16 d at 15 °C
(Lanciotti et al., 1999).
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2.5 Phase separation phenomena
To take advantage of their unique material properties, polymers are often blended to
achieve the desired performance for end-use coating application, such as to optimize the release
behaviors of for the incorporated bioactives (Marucci et al., 2009; Sakellariou, and Rowe, 1995;
Siepmann et al., 2008). When two incompatible polymers are dissolved in a suitable solvent
system, they eventually phase separate and form dual-layer coating structures. These type of
coatings provide economic benefit due to decreased time of processing (only one layer application,
reduce the contamination between layers, and enhance the adhesion of the polymers to each other
as well as to the substrate (Beaugendre, et al., 2017). Chemical stability and resistance to
mechanical stress in coatings structures can be improved due to enhanced adhesion properties.
Moreover, desired mechanical properties (e.g. hardness and flexibility), decreased water and gas
permeability, reduced internal stress during the coating formation can be obtained in dual-layer
edible coatings (Langer et al., 2011; Marucci et al., 2013). To this end, it is important to consider
the compatibility of these polymers in a given solvent, to prevent undesirable or premature phase
separation. The coating formulations should be prepared by using a suitable solvent system in
which the constituting polymers are soluble. For this purpose, a binary solvent system where in
one component of the solvent is compatible with one polymer but not with the other polymer, can
be very useful. In such systems, during the drying process, phase separation phenomenon can be
induced by preferential evaporation of a solvent, followed by an increase in viscosity of the
polymeric mixture (Hansen, 2007; Hiestand, 1966; Huang et al., 2011; Jensen, 1962). The solvent
with the higher vapor pressure would migrate to the surface and evaporate faster than the other
solvent. As a result of the changing composition, the solubility of the two polymers in the mixture
27

continue to alter; the polymer that is more compatible with the volatile solvent would tend to
migrate to the surface of the coating during the solvent evaporation process, while the other
polymer tends to partition to the bottom layer. The adhesion between the two layers is dictated by
the intermingling of the polymer chains, which is dependent on the rate of solvent evaporation and
compatibility of the two polymers (Jukes et al., 2005; Sakellariou et al., 1986; Yamamura et al.,
2002).
Marucci et al. (2013) evaluated the effects of two processing parameters, temperature and
coating flow on the structure and the water permeability of free films from a solution of
ethylcellulose (EC), hydroxypropyl cellulose (HPC), and ethanol. EC and HPC polymers phase
separated during the film drying process, forming EC- and HPC-rich domains. When the time is
longer before the film structure was locked by high film viscosity with lower temperature and
higher coating flow, larger domains and lower film permeability were observed. The water
effective diffusion coefficients and the structures of the films from spraying and casting processes
were compared. Bigger HPC domains and lower water permeability were found for the cast films
compared to those of the sprayed films due to the different rate of drying. The study demonstrated
that processing parameters had an influence on the structural and barrier properties of coating films
(Marucci et al., 2013).
Xia et al. (2019) produced multilayer edible films with the stacking order of hydrophobic
zein outer layer, hybrid zein/gelatin middle layer, and the hydrophilic gelatin inner layer (Z-ZGG). Zein and gelatin coating forming solutions were cast onto petri dish to form zein film and
gelatin film, respectively. Multilayer films including hydrophobic outer zein layer, transition
middle mixture layer, and hydrophilic inner gelatin layer were obtained via casting the solutions
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in the order of zein layer-zein/gelatin layer-gelatin layer. During the casting step, the next layer
was cast when the surface of the previous layer was dry, but the interior was not completely dry.
Therefore, blending of solutions before or under drying prevented, and adhesion between two
layers was achieved (Xia et al., 2019). Cross-sectional morphology of the films changed when the
middle layer composition varied, and water barrier property was achieved by modifying the
zein/gelation ratio in the middle layer. Tea polyphenol (TP) was incorporated into the middle and
inner layer for the prolonged release behavior. The study showed that TP-incorporated multilayer
film demonstrated protective effects against weight loss, rapid browning, and bacterial
deterioration when applied to the cut kiwifruit, banana, and avocado (Xia et al., 2019).
Ebbens et al. (2011) studied the imaging of phase separation processes in polymer blends
during spin coating. They utilized narrow-bandwidth illumination stroboscopic microscopy to
produce high quality optical micrographs during the spin-coating procedure. Their polymer blends
were made up of polystyrene and polyisoprene dissolved in o-xylene at 2% (w/w) at 1:1 blend
ratio (v/v). Their study demonstrated that phase separation process in this blend was dominated by
spinodal decomposition, which results in bi-continuous morphology. This structure started to form
around 4 s before the film has completely dried, and the motif on the surface of the film gradually
became rougher as the film dried. It was observed that necking behavior developed between
adjacent sunken domains. The study demonstrated that the initial phase separation occurred at the
top of the surface of the newly formed film, where the solvent concentration is the lowest (Ebbens
et al., 2011).
Instead of relaying of solvent-induced phase-separation of polymer, Taguchi et al. (2007)
mixed photo-curing monomers with urushi lacquer to improve the production of lacquerwares.
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They used bearing epoxy, oxetane, and vinyl ether in conjunction with a photo-cationic initiator
and a high-pressure mercury lamp as a UV source. High UV exposure (3.2 mW/cm2) resulted in
hard cured film that does not allow monomeric urisihiol to migrate to one side of the film and
induces phase separation. The UV exposure gave composite films with smooth surfaces with
wrinkling as observed with optical microscopy. Whereas the outer surface composed of crosslinked hard polymer, the inner part under the ripples were mostly made up of monomeric urushi
components that solidified slowly (Taguchi et al., 2007).
As it can be concluded from the literature review that edible coatings are promising
applications for protecting the quality parameters and extending the shelf life of fruits and
vegetables. They provide barrier properties against aroma, gas, and water permeation.
Traditionally, proteins, carbohydrates, lipids, and their combinations are used as base materials to
formulate edible coatings. The protective properties of edible coatings can be enhanced by
incorporating antimicrobial compounds and preservatives into coating formulations. Composite
coatings of zein and HPMC polymers can be designed by combining the advantages of these
polymers. Both polymers possess food grade and GRAS status due to their non-toxic,
biodegradable, and environmental friendly nature. As a biologically active compound, hexanal
shows antimicrobial properties against and to provide protection against bacterial and fungal
pathogens. In addition, hexanal is a potent inhibitor of PLD enzyme, and can protect the quality
parameters of fresh produce.
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Chapter 3: Justification, hypothesis, and objectives

Nectarines have a very short shelf life even under ideal storage conditions. Its
marketability, nutritional profile and quality characteristics can decrease dramatically due to the
membrane deterioration and postharvest diseases. Although cold storage can be used to preserve
nectarines after harvesting, chill injury can affect the sensory profile of the fruits. Therefore, the
development of cost-effective methods to decrease the postharvest loss of nectarines is necessary.
From the literature review presented in Chapter 2, it is clear that edible coatings, such as
those derived from zein and HMPC, have excellent film-forming properties. These materials can
serve as useful barriers to limit the mass transfers of gas and moisture, decrease tissue damage,
and lower respiration rates of fresh produce. On other hand, studies showed that hexanal is a potent
PLD inhibitor and possesses antimicrobial properties, which is promising for preserving the cell
membrane in fresh fruits and vegetables. However, hexanal is volatile and susceptible to oxidation,
requiring a method to prevent uncontrolled evaporative loss during end-use application, via using
a polymeric edible coating carrier.
Based on the findings from literature review and preliminary works, it is hypothesised that
the combined use of zein/HMPC coating impregnated with hexanal can extend the shelf-life of
fresh nectarine fruits. By exploiting phase separation phenomena due to their different
compatibility and solubility behaviours in the selected solvent system, it is hypothesised that a
coating formulation can be developed to stratify the biopolymers into bilayer structures to control
the delivery of hexanal to the coated fruit.
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In accordance with these hypotheses, Chapters 4, 5, and 6 present the methodologies and
findings for this research, with the following specific objectives:

Chapter 4
I.
II.

Develop uniform and homogenous zein/HPMC coating forming solutions;
Study component interactions between zein and HPMC polymers by using Fouriertransform infrared (FTIR) spectroscopy;

III.

Characterize the structure and the morphology of zein/HPMC coatings by using
scanning electron microscopy (SEM); and

IV.

Analyze the elemental distribution of zein and HPMC polymers by using energydispersive x-ray spectroscopy (EDXS).

Chapter 5
I.

Incorporate hexanal into to the coating formulation to study its effect on storage quality
attributes of nectarines; and

II.

Study the protective effects of polymeric coating materials and hexanal on nectarines.

Chapter 6
I.

Assess the effect of coating formulation parameters (hexanal, zein/HPMC polymer
ratio, and ethanol/water solvent ratio) on the selected quality parameters of nectarine
fruits; and

II.

Optimize coating formulation by using response surface methodology.
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Chapter 4: Structural and morphological characterization of zein and HPMC based edible
coatings

4.1 Introduction
Polymer-based films and coatings are widely used in the food industry as barriers to control
unwanted mass transfers (e.g., moisture and oxygen) and as carrier matrices to deliver bioactive
ingredients (e.g., nutraceuticals, micronutrients, preservatives, flavors) in food products (Coma et
al., 2002; Guilbert, 1986; Mellinas et al., 2015; Vojdani and Torres, 1990). Various food grade
biopolymers, especially proteins and polysaccharides, have been explored for this purpose
(Jiménez et al., 2012; Kumar and Sethi, 2018; Yousuf et al., 2018). Zein is a polymeric material
which is found in corn and maize (Momany et al., 2005; Zhang and Mittal, 2010). Zein shows
excellent biocompatibility, biodegradability, solubility behavior in organic solvents like ethanol,
superior film forming, and barrier properties against oxygen and microbial contamination (Bai et
al., 2003; Corradini et al., 2014; Sahraee et al., 1999; Yemenicioglu, 2016). Therefore, it is
commonly employed as edible coating material for fresh produce, dried fruits, candies and nuts by
food industry. Because of its amino acid profile, zein has unique solubility properties that is mostly
limited to acetone, acetic acid, aqueous alcohols and aqueous alkaline solutions (Lawton, 2002).
Zein proteins possess thermoplastic properties and have very limited solubility in the water
(Kashiri et al., 2017). Zein protein has abundant hydrophobic and neutral amino acids (e.g.,
leucine, proline, alanine) with limited polar amino acid residues (Coleman and Larkins, 1999).
Pure zein coatings have opaque appearance and tend to be brittle (Luecha et al, 2010; Zhang et al.,
2015).
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HPMC is a modified cellulose polymer that is produced commercially for utilizing
cellulose in edible coating and controlled release applications in food and pharmaceutical
industries (Pastor et al., 2016; Siepmann and Peppas, 2012). The polymer is tasteless,
biodegradable, and form a decent gas barrier (Brindle and Krochta, 2008; Imran et al., 2010; PerezGago et al., 2015). It is nearly insoluble in anhydrous ethanol, ethyl ether and acetone, but it
dissolves to form transparent or slight cloudy solutions in cold water (Hu et al., 2016). It is soluble
in some organic solvents (e.g., anhydrous methanol, chlorinated hydrocarbons, ketones) and waterorganic solvent mixtures (e.g., ethanol/water, propanol/water) to form homogeneous solutions,
which can be blended with other compatible polymer solutions to develop coating carrier for the
delivery of bioactive compounds (Osorio et al., 2011).
Edible coatings are typically produced by using the solvent casting method (Elsabee and
Abdou, 2013; Nova et al., 2013; Umaraw and Verma, 2015). Polymer, bioactive component and
other ingredients such as plasticizer are dissolved in an appropriate solvent to form a homogeneous
solution. The solution is then cast on levelled surfaces to allow it to dry. Following the evaporation
of the solvent, coherent films incorporated with bioactive are formed. In coating-forming solutions,
one polymer’s properties can be combined with those of another polymer. In principle, dual-layer
(self-stratifying) coatings can be designed by dissolving two incompatible polymers in a mixture
of two solvents by preferential evaporation of one of the solvents (Verkholantsev, 2003). In order
to manage this, the solvent with the higher evaporation rate must be a good solvent for both
polymers, whereas the solvent with low evaporation rate must be solvent for one of the polymer
and a non-solvent for other polymer (Luciani et al., 1996; Vink and Bots, 1996). When two
incompatible polymers are dissolved in a suitable solvent system, they eventually phase separate
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and form dual-layer coating structures. The different solubility behaviors of the polymers in the
solvent system, vapor pressure of the selected solvents and the blending ratio of the polymers
effects the morphology of the produced coatings (Hansen, 1971; 2007; Tirado et al., 2018). The
solvent with the higher vapor pressure would evaporate faster than the other solvent, by making
the incompatibility of the two polymers obvious. During the solvent evaporation, phase separation
of these two polymers is induced (Huang et al., 2013; Lu et al., 2012; Wodo and
Ganapathysubramanian, 2014). In the literature, it was reported that two conditions must be
fulfilled for the development of dual-layer coating structure: (i) one component needs to able to
wet the substrate spontaneously; and (ii) the total surface and interfacial energy of the required
layer should be lowest possible (Carr and Wallstöm, 1996; Toussaint, 1996). The separation of
polymers into top and bottom layers occurs while the coating is still liquid enough to allow the
necessary transport to take place (Gardon, 1967; Hansen, 2007). The solvent system must be able
to dissolve the polymers in a way that they become incompatible when solvent evaporation begins.
The polymer with the lower surface free energy tends migrate to the air interface to form a layer
on the surface of the coating, whereas the other polymer with higher surface free energy tends to
stay more at the bottom (primer) layer of the coating structure. In addition, the polymer which
comes at first insoluble is generally forming the layer that is contact with the substrate. The phase
separation of the polymers proceeds until there is a clear dual-layer formation. Each layer in
coating structure possesses specific function: the bottom layer facilitates the adhesion and protects
the substrate, whereas top layer aids in aesthetic aspects and provides protection against
atmospheric conditions (Beaugendre, et al., 2017; Benjamin et al., 1996). The interface between
top and bottom layers is also formed from an otherwise homogenous system. The intermingling of
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the polymer chains at the interface help to protect the adhesion of the polymers. Thus, two
polymers do not separate completely during the formation of dual-layer coating structure (Hansen,
1995; 2007).
Dual-layer coatings are promising coating applications, and provide great advantages
including economic benefit, reduced time of processing (application of only one layer), no
contamination between layers, improved interlayer bonding; thus, less chance of inter-layer
adhesion failure is observed (Beaugendre, et al., 2017; Misev, 1991; Walbridge,1996). The
improved adhesive property to a substrate enhances chemical durability and resistance to
mechanical stress, and UV light (Baghdachi, et al, 2015). In addition, improved mechanical
properties (a desired balance between hardness and flexibility), reduced permeability, and
decreased internal stress during coating formation can be achieved via dual-layer coating
structures. (Langer et al., 2011; Marucci et al., 2013; Nikiforow et al., 2010; Soucek, 2014).
Dual-layer coating structures can also employed as carriers for biologically active
compounds to protect them from chemical degradation, and improve their retention in end-use
applications (Xia et al., 2019; Xu et al, 2017). Retention and the delivery of the active compounds
are effected by the structure and the morphology of the coatings produced. Therefore, an increased
understanding of the coating-forming process and the phase separation phenomena will help in the
production and manipulation of the films/coatings. Both zein and HPMC are generally recognized
as safe (GRAS) food-grade polymers and they are widely used in the food industry for edible film
and coating applications (U.S. Food and Drug Administration, 1984; 2019). In this chapter, the
main objective was to develop uniform and homogenous coating-forming solutions for
characterizing the structure and the morphology of the zein and HPMC based edible coatings.
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4.2 Materials and methods
4.2.1 Materials
Zein was supplied by Flo Chemical Corporation (Ashburnham, MA, USA). HPMC was
supplied by Sigma-Aldrich, Inc. (St. Louis, MO, USA) with a methoxyl content of 28-30% and a
hydroxypropyl content of 7-12%. USP grade anhydrous ethyl alcohol was bought from
Greenfield/Global - Commercial Alcohols (Brampton, ON, Canada).

4.2.2 Preparation and casting of 6 different zein/HPMC based coating-forming solutions
Zein is a prolamin protein soluble in aqueous ethanol (Turasan and Kokini, 2017), whereas
HPMC as a water-soluble modified cellulose (Siepmann and Peppas, N, 2012). In order to prepare
a uniform coating-forming solution, optimal solvent and polymer ratios are essential. From
preliminary experiments, uniform polymer solutions at 6% (w/w) total polymer ratio can be
prepared by using 70% (w/w) aqueous ethanol. Six coating-forming solutions of zein/HPMC were
prepared to evaluate their propensity of phase separation (Table 4.1). The first two formulations
were based on 100% (w/w) zein or 100% (w/w) HPMC, respectively. Other formulations included
80:20, 60:40, 40:60, and 20:80 (w/w) zein:HPMC blend ratios. After premixing the polymer
powders at different ratios, they were slowly added to the solvents. The solutions were mixed with
a mechanical stirrer (Model # Agitator, Ser. # CP1008271, Arrow Engineering, Co., Inc., NJ, USA)
for 10 min to form uniform coating solutions. The solutions were centrifuged at 10000 rpm
(9,279.4xg) for 10 min in a centrifuge (Model # IEC 21000, Ser. # 6464C0100, International
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Equipment Co., MA, USA) to eliminate air bubbles. Next, 15 g of coating solutions were cast on
a glass plate (12.5 x 17.5 cm).
Table 4.1 6 different zein and HPMC based coating formulations
Formulation

Zein
(%, w/w)

HPMC
(%, w/w)

Ethanol/Water
(w/w)

Total polymer
(%, w/w)

1

100

0

70/30

6

2

0

100

70/30

6

3

80

20

70/30

6

4

60

40

70/30

6

5

40

60

70/30

6

6

20

80

70/30

6

4.2.3 Scanning electron microscopy (SEM)
A scanning electron microscopy (FEI Quanta FEG 250 SEM, Thermo Fisher Scientific,
OR, USA) was used to analyze the morphology and the cross-sectional interface of zein/HPMC
based edible coating samples. The samples were cut from coating samples and mounted on the
metal stubs parallel for surface morphology and 90° for cross-sectional morphology analysis. An
approximate 20 nm conductive layer of gold on the surface of the samples was created by using a
sputter coater before the imaging in the microscope (Denton Desk V TSC, Denton Vacuum LLC,
NJ, USA). During the analysis, the accelerating voltage of 10 kV was maintained.
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4.2.4 Fourier transform infrared (FTIR) analysis
Material components interaction and functional groups in zein and HPMC based edible
coatings were studied using a FTIR spectrometer (IRPrestige21, Shimadzu Corporation, Kyoto,
Japan) fitted with an attenuated total reflectance (ATR) accessory (PikeTechnologies, Madison,
WI, USA). The FTIR spectra of the coating samples were recorded by compressing the samples
on top of the ATR diamond element. Both top and bottom sides of the samples were scanned, and
three spectra from each sides of coatings were recorded to compare the distribution of the polymers
in the coating samples. An average of 40 scans was taken in the mid-IR region (500 to 4000 cm-1)
at 4 cm-1 resolution for both samples. Spectral analysis was conducted on IRsolution software
(Shimadzu Corporation, Kyoto, Japan).

4.2.5 Energy dispersive x-ray spectrometer (EDXS) analysis
The elemental analysis of zein and HPMC polymers in coating samples was conducted
with energy a dispersive x-ray spectrometer (EDXS) which was integrated with the scanning
electron microscopy (JSM-6010LA, Jeol Ltd., MA, USA) and an x-ray light element detector
(Element-C2B, Edax, NJ, USA). The coating-forming solution was prepared by dissolving 60:40
(w/w) zein:HPMC blend (6% w/w total polymer in 70% (w/w) aqueous ethanol). The solution was
cast on glass plate and dried overnight to produce the coating sample. The samples were cut from
film sample and mounted on the metal stubs on top and bottom sides to analyze the both parts.
Working distance was kept as 18 mm at 500 times magnification. During the elemental analysis,
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an accelerating voltage of 10 kV was used. APEXTM software was used to create the elemental
spectra for compositional analysis.

4.3 Results and Discussion
4.3.1 Visual analysis of coating samples
During handling, the sample cast from 100% zein (w/w) was the most brittle among all
films. This observation is in accordance with results reported by other researchers (Guo et al.,
2012; Luo and Wang, 2014; Shi et al., 2011). The bottom part of the sample (i.e., the surface in
contact with the glass plate) was smoother and shinier than the top surface of the coating. The
sample prepared from 100% (w/w) HPMC was mechanically the stronger sample prepared from
100% (w/w) zein solution. This could be attributed to the larger molecular weight of the cellulose
derivative (Douglass et al., 2018; Rogers and Wallick, 2011). Both top and bottom parts of this
sample were clear, and it was the least brittle among all the films during handling. The coating
sample produced from zein:HPMC, 80:20 (w/w) polymer blend was not homogenous with visible
white patches. These white patches formed on the film sample had a width of approximately 0.3
cm, and they were surrounded by yellow colored lines. The formation of white patches may be
due to the phase separation of HPMC from the protein, considering that zein produces yellow
coating-forming solution while pure HMPC solution is colorless (Labib 2018; Hu et al., 2016;
Zhang et al. 2015). The coating solutions prepared via mixing of incompatible polymer blends can
lead to different degree of stratification after the formation of coating. The formations on this
coating sample fell into type 4 pattern which is formed of large domains or isthmus shaped regions
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(HPMC) in the other component (zein) (Beaugendre et al., 2017). In literature, it was reported that
the polymer with lower surface free energy tends to form the top layer, whereas the polymer with
higher surface free energy remains in the bottom layer (Benjamin et al., 1996; Carr and Wallstöm,
1996; Toussaint, 1996). However, during the solvent evaporation process, the separation of these
polymers did not result in visually uniform sample. By contrast, the coating derived from 60:40
(w/w) zein:HPMC formulation resulted in coherent sample with uniform top and bottom surfaces
as compared with that prepared from 80:20 (w/w) zein:HPMC solution. The increased HPMC
content also resulted in decreased brittleness and improved physical handling properties of the film
sample. The coating samples produced from 40:60 zein:HPMC and 20:80 zein:HPMC (w/w)
solutions also showed improved mechanical strengths due to increased HPMC levels (Brindle and
Krochta, 2008; Dvorackova, 2009).
To further analyze the composition on both sides of the coating samples, the infrared
spectra of zein and HPMC were acquired by using a FTIR spectrometer. The results and
discussions are presented in Section 4.3.3.

4.3.2 SEM analysis 6 different zein/HPMC based edible coatings
The SEM images of the surface and the cross-sectional areas of the coatings are presented
in Figure 4.1. Images on the left column show the surface morphology, whereas right column
depicts the cross-sectional morphology of the coating samples. The SEM micrograph of the pure
zein coating (Figure 4.1a) had a rough surface with craters and cracks, while the cross-sectional
(Figure 4.1a) showed numerous pores and cavities. These defects might have explained the poor
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handling properties of pure zein polymer film or coating. On the other hand, coating manufactured
from HPMC alone (Figure 4.1b) had a relatively smooth and coherent surface, with compact cross
section morphology. The bumps observed on the surface might be associated with the air bubble
inclusions from sample preparation. In blend coatings, at 80% zein concentration, a single-layer
structure with rough surface morphologies with porous interior matrices were observed (Figure
4.1c). However, when the zein concentration decreased to 60% (w/w) level, a distinctive two-layer
structure was observed from the cross section of the film (Figure 4.1d). Here, fine spherical beads
were observed on the surface that appeared to stratify within the top layer. Careful inspection of
the micrographs revealed that beads under the surface were embedded in a continuous matrix, with
fine pores. The bottom layer, on the other hand, had more compact morphology which can be
associated with the higher amount of HPMC. The formation of two-layer structure with 60:40
(w/w) zein:HPMC formulation can be attributed to the phase separation of the polymers during
drying. Decreasing zein to 40% (w/w) resulted in the formation of coarser particulates on the
surface, with a heterogeneous cross section (Figure 4.1e). Finally, at 20% zein level, the specimen
appeared to have a rough surface morphology with fine particulates dispersed throughout the entire
matrix (Figure 4.1f).
These results reveal that blending zein with HPMC can result in different coating
morphologies for various end-use application purposes. The morphological differences can be
attributed to the different mixing ratios and molecular weights of the polymers. This information
provides an understanding the morphology of blend films and guide to design of processing
conditions to achieve desirable morphology for functional biomaterials. Specifically, the tendency
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for the coating to stratify into a two-layer structure, as with the 60:40 (w/w) zein:HMPC
formulation, can be promising as a coating carrier of bioactives in food products.
Similarly, development of self-stratifying coatings induced by phase separation of
incompatible polymer blends were reported in literature with different morphological structures.
Park et al. (2011) studied the production of spherical or hemispherical polymer particles utilizing
the phase separation phenomenon in polymer blends during the coating process. The polymer
blend consisted of a water-soluble crystalline polymer as a matrix and a hydrophobic polymer as
a minor compound. The study demonstrated that hydrophobic particles were embedded in the
matrix due to the crystallization-induced phase separation during the drying. The phase separation
was employed between polystyrene (PS) and polyethylene oxide (PEO). It was reported that the
solubility of the polymers decreased, and PEO started to be crystalized as the solvent evaporated.
Small PS domains were observed in the PEO matrix via SEM analysis. The study showed that PS
spheres were embedded in the PEO matrix, and observed via a crack in the film. Moreover, the
study indicated that when the polymer film is thin (3 µm) and slowly evaporated, hemispherical
PS particles were produced (Park et al., 2011). In this situation, hydrophobic PS polymers with
smaller diameters migrated to surface due to the lower surface energy and showed a flat topology.
This observation is similar to the morphology of the 60:40 (w/w) zein:HPMC coating in the present
study (Figure 4.2d). Park et al. (2011) suggested that the morphology of the blend films can be
altered by changing the film thickness and solvent evaporation rate as well weight fraction of
polymers in the system.
Similar phenomenon based on self-stratifying of two immiscible polymers was reported by
Beaugendre et al. (2017). They developed a self-stratifying coating of epoxy/silicone blend, and
56

applied it on a plastic substrate (polycarbonate). They showed that the best stratification pattern
(Type 1: two well distinct and homogenous layers) with the silicone phase located on the top of
the coating was achieved with the system diluted in butylacetate:xylene (at a 1:1 ratio). It was also
reported that this stratification resulted in a great adhesion to polycarbonate, and had a nice visual
appearance. The study also demonstrated that the solvent affects the stratification level: the higher
the evaporation rate, the better the stratification. However, it was also underlined that evaporation
rate should not be too high for the system, so that phase separation can be completed before the
system reaches to gel point.
Ma et al. (2011) also demonstrated that changing the concentration of incompatible
polymer blends resulted in different film morphologies. They studied the surface and interface
morphologies of the thin films of polystyrene (PS) and a crystalline polymer, poly(e-caprolactone)
(PCL) blends. In the immiscible PS/PLC blend films spin coated from a toluene solution, the
crystal morphology changed compared to pure PLC due to the vertical phase separation of polymer
blend. When the PLC concentration was kept at 1 wt%, different morphologies were created by
changing the PS concentration. The study showed that when PS is lower than 0.3 wt%, PS island
domains are embedded in PCL crystals. However, when PS is between 0.35 and 0.5 wt%, holes
with different sizes surrounded by a low rim are formed. Interface morphology of PS/PCL was
studied after washing the PS domains. It was observed that the top PS-rich layer extended into the
bottom PCL layer, forming a trench surrounding the holes. It was also reported that when the
concentration of PS is higher than 0.5 wt %, a two-layer structure with the PS-rich layer on top of
the blend films and the PCL-rich crystal layer underneath is obtained. This result is parallel with
the behavior of zein:HPMC in 60:40 (w/w) blend ratio in the present study.
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Surface morphology

Cross-sectional morphology

a)

b)

c)

(Continued on the next page)
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(…Continued from previous page)

d)

e)

f)

Fig. 4.1 SEM micrographs of samples showing the surface (left column) and cross-sectional (right
column) morphologies: a) 100% zein coating; b) 100% HPMC coating; c) 80:20 (w/w)
zein:HPMC; d) 60:40 (w/w) zein:HPMC; e) 40:60 (w/w) zein:HPMC; f) 20:80 (w/w) zein:HPMC.
The arrows indicate the top sides of the samples.
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4.3.3. FTIR analysis of 6 different zein/HPMC based edible coatings
Figure 4.2 summarizes the FTIR spectra of representative samples of different zein and
HMPC ratios. Comparing the spectra of top and bottom surfaces of the coating, overall, it can be
seen that HMPC tended to partition towards the bottom side of the coating, especially when the
zein concentration decreased, as revealed by the stronger C-O stretching vibration signal from the
HPMC (1049 cm-1). Characteristics zein and HPMC peaks can be seen on the spectra produced
from pure zein and HPMC polymers, respectively (Figures 4.2a and 4.2b). The characteristic band
from HPMC, i.e., C-O stretching vibration, was observed at around 1000 cm-1, while C-H
stretching in 2700-3000 cm-1 (Figure 4.2c) (Sandhyarani et al., 2018; van Der Weerd, and
Kazarian, 2005; Wray et al., 2011). On the other hand, the top part of the coating tended to be zeinrich, as revealed by the higher signals for C=O stretching (amide I) and NH bending (amide II) at
1635 and 1516 cm-1, respectively (Figure 4.2d). The vibration signals for N-H (zein) can be
detected between 3000 and 3700 cm−1. The peaks between 2700 and 3000 cm-1 are associated with
C-H stretching. The band at 1446 cm-1 is related to CH2 bending, and the band at 1275 cm−1
corresponds to the axial deformation vibrations of the C-N stretching of protein (Ali et al., 2014;
Miao et al., 2017; Müller et al., 2011; Ranjan et al., 2020; Singh et al., 2009; Schmidt et al., 2018).
By contrast, the characteristic peaks from zein (i.e., N-H stretching, C=O stretching, N-H bending,
C-N stretching, CH2 bending) were relatively weaker for the bottom surface than the top part of
the coating, implying that the bottom surface is HPMC-rich. Figures 4.2e and 4.2f show that
characteristic C-O stretching vibration of HPMC was more intense on the bottom of the coating.
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Fig. 4.2 Comparisons of top and bottom FTIR spectra of the coating specimens containing
different zein and HMPC ratios: a) 100% zein coating; b) 100% HPMC coating; c) 80:20 (w/w)
zein:HPMC; d) 60:40 (w/w) zein:HPMC; e) 40:60 (w/w) zein:HPMC; and f) 20:80 (w/w)
zein:HPMC.

The compatibility between polymers and solvents can be analyzed by using Hansen
solubility parameters (HSPs). Solubility parameters give information about miscibility of the
solvents with polymers. The HSPs are made up of three components, i.e., dispersion (δD), polar
interaction (δP), and hydrogen bonding (δH) parameters (Hansen, 2007). Total cohesive energy (E)
of a liquid includes the energies related to the interatomic dispersion forces (D), the permanent
dipole-dipole interactive forces (P), and the hydrogen bonding forces (H) due to electron exchange
between molecules (Eq. 4.1) (Hansen, 2004; Hansen, 2007).
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E= ED + EP + EH

Eq. 4.1

where, ED, EP, and EH are the energies due to D, P, and H, respectively. When these components
are divided by V, cohesive energy density is produced (Eq. 4.2).

(E/V) = (ED/V) + (EP/V) + (EH/V) ……….

Eq. 4.2

Cohesive energy density can be described as a function of the solubility parameter (δ), where δ2 is
equal to E/V. This gives the formula for Hansen solubility parameters where, Hildebrand solubility
parameter, δ, is broken into Hansen partial solubility parameters, δD, δP, and δH, representing
dispersion, polar interaction and hydrogen bonding parameters, respectively, with a unit of MPa1/2.
(Eq. 4.3).

δ2 = δD2 + δP2 + δH2

Eq. 4.3

In order to further study the compatibility of materials, solubility parameter “distance” (Ra) was
developed by Hansen and Skaarup (1967). Ra represents the distance between the HSP
components of a polymer and solvent in three-dimensional Hansen space. The compatibility of the
polymer with the used solvent can be calculated using the Eq. 4.4
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Ra = [4(δDA - δDB)2 + (δPA - δPB )2 + (δHA -δHB )2] 1/2proper

Eq. 4.4

where δD, δP, and δH represent the Hansen dispersion, polar interaction and hydrogen bonding
parameters, respectively. Subscripts “A” and “B” represents the δD, δP, and δH values for
compounds A and B, respectively, and Ra is the distance between the HSP components of
compounds A and B in three dimensional Hansen space. The higher compatibility between two
materials is associated with a small Ra value (Abott, 2010; Hansen, 2007).
The Ra values between polymers and solvents were calculated using HSP values of
polymers and solvents presented in Table 4.2. The calculated values were as follows; zein and
ethanol 13.23 MPa1/2, zein and water 27.54 MPa1/2, HPMC and ethanol 6.88 MPa1/2, and HPMC
and water 23.33 MPa1/2 (Table 4.3). When zein and HPMC are dispersed in aqueous ethanol
solution, zein is expected to be more soluble in ethanol rich phase since zein and ethanol are more
compatible with each other (lower Ra values). Since ethanol has a higher vapor pressure (5.8 kPa
at 20°C) than water (2.33 kPa at 20°C) (PubChem, retrieved on Feb. 21, 2020), ethanol will tend
to migrate to the surface and evaporate more rapidly than water during the drying process, leaving
behind a water-rich phase. This will lead to the formation of ethanol-rich outer layer and waterrich inner layer. The compatibility with zein and ethanol would result in migration of larger amount
of zein towards to the surface of the coating, forming a zein-rich layer. Even though Ra values of
HPMC indicate that HPMC is more compatible with ethanol than water, HPMC was trapped in
the water-rich phase probably due to entanglement of polymer chains that restricted their migration
to the top surface, thereby forming a HPMC-rich inner layer as the remaining water evaporated.
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Table 4.2 The HSPs for zein, ethanol, and water were obtained from the library of the HSPiP
software package (5.0.04, Hansen Solubility Parameters in Practice, https://www.hansensolubility.com). The HSPs for HPMC were obtained from the literature (Archer, 1991).
Solution components
HSP values

Zein

HPMC

Ethanol

Water

δD (MPa1/2)

22.4

17.4

15.8

15.5

δP (MPa1/2)

9.8

14.9

8.8

16

δH (MPa1/2)

19.4

19.3

19.4

42.3

δT (MPa1/2)

31.21

29.95

26.52

47.8

Table 4.3 The calculated Ra values for zein & ethanol, zein & water, HPMC & ethanol, and HPMC
& water (The Ra values were calculated by using Eq. 4.4).
Calculated Ra values (MPa1/2)
Ra (zein & ethanol)

13.23

Ra (zein & water)

27.54

Ra (HPMC & ethanol)

6.88

Ra (HPMC & water)

23.33
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4.3.4. Energy dispersive x-ray spectrometer (EDXS) analysis
SEM EDXS elemental analysis was conducted to further evaluate the distribution of
polymer in the coating (6% (w/w) total polymer ratio, 60:40 (w/w) zein:HPMC in 70% (w/w)
aqueous ethanol). In this analysis, nitrogen was selected as an indicator element since zein possess
nitrogen in its molecular structure, which is absent in HPMC (Sturken, 1996; Thompson and
Larkins, 1989). Figure 4.3a and 4.3b present the elemental spectra of the coating sample on top
and bottom surfaces, respectively. The y-axis represents how many x-ray photons were counted at
each energy along the x-axis. The weight % ratio of nitrogen element in top of the coating was
18.11%, whereas this ratio dropped to 8.37% in the bottom of the coating. This result implies that
top part of the coating had a greater concentration of zein than the bottom surface. Table 4.4 and
4.5 demonstrate the results of the elemental distribution of the coating on top and bottom parts,
respectively.
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Fig. 4.3 Elemental spectrum of the coating: a) top part of the coating; b) bottom part of the coating
(The coating sample was casted from the formulation including 6% (w/w) total polymer ratio,
60:40 (w/w) zein:HPMC in 70% (w/w) aqueous ethanol).

Table 4.4 Elemental distribution of the coating sample (top part).
Element

Weight %

Atomic %

Error %

C

39.31

45.43

5.76

N

18.11

17.94

12.83

O

41.4

35.92

10.49

Na

1.17

0.71

13.39
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Table 4.5 Elemental distribution of the coating sample (bottom part).
Element

Weight %

Atomic %

Error %

C

41.49

48.11

5.97

N

8.37

8.32

16.59

O

49.88

43.43

9.95

Al

0.26

0.13

17.79

4.4 Conclusion
In this work, zein, HPMC, and zein:HPMC coatings were studied with SEM, FTIR, and
EDXS spectral analyses. The coating samples prepared from 6% (w/w) total polymer content with
60:40 (w/w) zein:HPMC ratio prepared in 70% (w/w) aqueous ethanol resulted in the formation
of phase-separated zein-rich top surface and HPMC-rich bottom layers. SEM, FTIR, and EDXS
spectral analyses confirmed the dual-layer formed after solvent evaporation. Other zein:HPMC
blend ratios did not show the clear phase separated layers.
The dual-layer polymeric coatings may be promising to be employed as carriers for the
bioactive compounds, such as volatile antimicrobials and preservatives, to deliver them to the
coated food surfaces. The coating formulation must consider the compatibility of the bioactive and
the polymers in the solvent system. In the present zein-HMPC dual-coating, the HMPC polymeric
layer can provide mechanical integrity for the zein layer when applied onto the surface of food
products. On the other hand, zein layer can also improve the moisture barrier properties, and make
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coatings resistant against microbial attracts due to its relatively hydrophobic grease-proof coating
properties. It is noteworthy that while a dual-layer coating was observed with the 60:40 (w/w)
zein:HMPC coating, there will be intermingling of the polymers chains at the interface which is
essential to prevent delamination of the layers.
In conclusion, this study shows that zein and HPMC based dual-layer coating structure can
be developed by phase separation phenomena. The coating formulation containing 60:40 w/w
zein:HMPC (6% total polymer concentration in 70% w/w aqueous ethanol solvent) can be
promising for edible coating applications, to extend the shelf life and preserve the quality
properties of fruits and vegetables.
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Chapter 5: Preliminary studies of edible coating applications and their effects on the storage
quality attributes of nectarines

5.1 Introduction
Edible coatings are applied to the surface of the foods as protective layers against moisture,
oxygen and aroma for protecting shelf life (Undurraga et al., 1995). They are also effective in
improving mechanical integrity or handling characteristics of the food components (Khwaldia et
al., 2004). In addition, edible coatings can decrease oxidation and respiration rates of fruits and
vegetables (Sharma et al., 2019; Olivas, and Barbosa-Cánovas, 2009). Proteins, polysaccharides,
and lipids are often employed as base materials for edible coating applications (Saha et al., 2017;
Vargas et al., 2008; Tavassoli-Kafrani et al., 2016). Antimicrobials, antioxidants, and other active
ingredients can be incorporated to the edible coating formulations for further protection of the
quality characteristics of the products (Benbettaieb et al., 2019; Park, 1995; Pranoto et al., 2005).
Edible coatings are safe and environmentally friendly applications due to their non-toxic properties
and biodegradable nature (Dhall, 2013; Prasad et al., 2005; Olabarrieta, 2005).
Zein, a corn protein, is widely employed in edible coating formulations (Bai et al., 2003;
Corradini et al., 2014; Momany et al., 2005; Yemenicioglu 2016). Zein is mostly soluble in
aqueous alcohol and aqueous alkaline solutions (Kashiri et al., 2017; Lawton, 2002). Since pure
zein shows poor mechanical properties, such as high brittleness and opaque appearance, blending
zein with other polymers may be a useful approach for edible coating applications (Luecha et al.,
2010; Zhang et al., 2015). Polymer blends can be formulated by employing more than one polymer
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to achieve desired properties in edible coatings. For example, HPMC as a hydrophilic cellulose
polymer, is used in edible coating applications due to its excellent oxygen, carbon dioxide, and
mechanical properties (Hu et al., 2016; Lua et al., 2007; Rong-yu and Yao-wen, 2003). However,
poor moisture barrier property due to its hydrophilicity can be a limitation for pure HPMC-based
coatings. Therefore, blending zein and HPMC polymers can be promising for combining their
protective properties and improving their respective shortcomings. The protective properties of
edible coatings can be enhanced by changing the formulation parameters, as well as integrating
biologically active compounds to the system.
Hexanal is a natural antimicrobial compound with Generally Recognized as Safe (GRAS)
status (Song et al., 1996, 2007). It is an effective inhibitor of phospholipase D enzyme which is
responsible for cellular breakdown of fruit tissues (Paliyath et al., 2003; Tiwari and Paliyath,
2011). Researchers reported that hexanal is effective in delaying the ripening and extending the
shelf life of the fresh produce (Cheema et al., 2014; Cheema et al., 2018; Paliyath and
Subramanian, 2008).
Here, hexanal was employed as a preservative and incorporated into the zein and HPMC
based polymeric coating formulation. The objectives of this work are to: (i) develop uniform
solutions with different concentrations of zein and HPMC for edible coating applications; (ii)
incorporate hexanal into to the coating formulation to elucidate its effect; and (iii) study the
protective effects of polymeric coating materials and hexanal on nectarine fruits. Nectarines were
chosen for this study since they have a short shelf life. An extension of shelf life would decrease
their postharvest losses and increase their marketability. In this study, seven different coating
formulations were evaluated, with or without the incorporation of hexanal. Weight loss of the
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samples were evaluated during the storage. In addition, coating uniformity was assessed by
studying the occurrence of any coating defects including cracking, flaking, blistering on the
coating structure, and mold and bruise development on fruits.

5.2 Materials and methods
5.2.1 Materials
Visual inspection on nectarines samples was carried out in order to obtain consistent
ripeness and to eliminate any major defects or physical damages that could affect the results of the
experiments. Zein was purchased from Flo Chemical Corporation (Ashburnham, MA, USA).
HPMC (28-30 and 7-12% methoxy and hydroxypropyl contents, respectively) and hexanal (98%
purity) were purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA). USP grade anhydrous
ethyl alcohol was supplied by Greenfield Global - Commercial Alcohols (Brampton, ON, Canada).
Glycerol was supplied by Aldrich Chemical Co. Inc. (Milwaukee, WI, USA) with a purity of 99%.

5.2.2 Preparation of coating solutions
The coating-forming solutions were prepared by assuring the uniform solution of zein and
HPMC polymers in a binary solvent system of ethanol and water. According to the Hansen
solubility parameters, zein is more compatible with ethanol in a binary solvent system of ethanol
and water (Hansen, 2007). However, HPMC shows a greater solubility in water. To form a uniform
zein and HPMC coating solution, the polymer blend was prepared at a 6% (w/w) total polymer
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ratio and solubilized in in a binary solvent of 70% (w/w) ethanol in water. The total polymer ratio
was kept constant as 6% (w/w) in all coating formulations. This polymer ratio was selected since
phase separation of zein and HPMC polymers were observed and confirmed at 6% (w/w) total
polymer ratio with Fourier-transform infrared (FTIR) spectroscopy and scanning electron
microscopy (SEM) analyses.
In total, seven different coating formulations were evaluated, using 70% (w/w) aqueous
ethanol as a solvent (Table 5.1). Formulations #1 to #6 did not include hexanal and glycerol.
Formulation #7 had the same compositions as formulation #4, except that hexanal (0.0815 g) and
glycerol (0.76 g; as plasticizer) were added.

Table 5.1 Formulations for preparing coating solutions for nectarines (All the formulations
included a total of 3.6 g of polymer).
Sample #

Zein % (w/w)

HPMC % (w/w)

Hexanal (g)

Glycerol (g)

Control

-

-

-

-

1

100

-

-

-

2

-

100

-

-

3

80

20

-

-

4

60

40

-

-

5

40

60

-

-

6

20

80

-

-

7

60

40

0.0815

0.76
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A mechanical stirrer (Model # Agitator, Ser. # CP1008271, Arrow Engineering, Co., Inc., NJ,
USA) was used to stir the solutions to dissolve the polymers to ensure the formation of a uniform
solution. Air bubbles entrapped in the coating solutions were eliminated by using a centrifuge
(Model # IEC 21000, Ser. # 6464C0100, International Equipment Co., MA, USA) at 10000 rpm
(9,279 xg) for 10 min.

5.2.3 Coating of nectarine fruits
Nectarines were washed with water and then dried at room temperature. Coating
formulations were applied to the surface of the nectarines using a brush. The brush was washed
with ethanol and dried between coating formulations to prevent the cross-contamination. The
nectarines were weighted before and after coating by using an electronic balance. The coated
nectarines were stored at 22 °C.

5.2.4 Coating uniformity and weight loss analyses
Coating uniformity and weight loss of coated nectarines were evaluated on days 1, 7, and
14. The parameters evaluated were: (i) Occurrence of coating defects, including cracking, flaking,
blistering on the coating structure; and (ii) Mold and bruise development on fruits. Photographs
were taken to record the changes in the coating appearances and surface quality of fruits.
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Uncoated fruits (control) and fruits coated with formulation #7 were tested up to day 18.
Initial weights of the fruits were recorded before and after the coating procedure. The accuracy of
the precision balance was 0.1 mg. Weight loss was calculated as follows:
Weight loss percentage (%) = [(initial weight − final weight) / (initial weight)] × 100

5.3 Results and Discussion
5.3.1 Coating uniformity analysis
Figures 5.1 depicts the photographs of the fruits taken on day 7, whereas Figures 5.2 and
for day 14. Control fruit (Figure 5.1a) did not show mold and bruise development on day 7. Fruits
coated with formulation #1 fruit showed delamination on the surface (Figure 5.1b), whereas those
with formulation #3 had whitish patches on the surface of fruit (Figure 5.1d). In addition, 80:20
(w/w) zein: HPMC (Figure 5.1d) and 40:60 (w/w) zein:HPMC (Figure 5.1f) treatments resulted in
blister occurrence in coating structure on day 7. On day 7, fruits coated with formulations #2
(Figure 5.1c), #3 (Figure 5.1d) and #5 (Figure 5.1f) treated fruits developed bruises on fruit tissues.
In addition, formulations #2 to #6 exhibited wrinkles on coatings of nectarine samples (Figures
5.1c, 1d, 1e, 1f, and 1g). This might be related to the migration of water that weaken the skincoating interfacial adhesion and plasticization of coating due moisture sorption (Gupta et al., 2016;
Hozumi et al., 2018; Mittal, 2008). Formulation #7 (Figure 5.1h) did not show any mold and
bruise development, and fruit was free of coating defects on day 7. Mold development was not
observed on the coated nectarines at the end of seven days of storage.
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On day 14, coating wrinkles increased on fruits treated with the formulations #4 to #6
(Figures 5.2e, 2f, and 2g). Moreover, mold development began to appear. The control sample
(Figure 5.2a) had substantial mold growth with increased tissue softening and juice leakage. Also,
substantial mold growth was observed at the bottom parts of the nectarines for samples coated with
formulations #4 to #6 (Figures 5.2e, 2f, and 2g). In addition, fruits coated with formulation #4
(figure 5.2e) had blistering occurrence on the coating structure. At the end of 14 days of storage,
control and the coated fruits with formulations #1 to #6 (Figures 5.2a to 5.2g) showed increased
defects (e.g., mold growth, bruise injuries, coating wrinkles, and whitish patches). Formulation #7
did not result in detectable mold growth, bruise injuries or coating wrinkles at the end of 14 days
(Figure 5.3b). Furthermore, the coating structure was uniform, and there were no visible coating
defects except two small blisters.
Based on these preliminary studies, control and formulation #7 treated fruits was stored for
additional 4 more days to 18 days, whereas other fruits were discarded due to extensive
deterioration. Figures 5.3a and 5.3b compared the control with a fruit coated with formulation #7
on day 14. Figures 5.3c and 5.3e show the control fruit from side and upper sides, whereas Figures
5.3d and 5.3f show the formulation #7 treatment fruit after 18 days of storage. As shown, the
controlled sample deteriorated extensively, with many moldy spots, browning discoloration, and
accumulation of juice exudate on the plastic dish. Formulation #7 preserved the color and protected
fruit from mold and bruise injuries. There were no visible exterior damages, except a few skin
wrinkles with minimal blistering. As discussed in Chapter 4, during coating formation, it is
expected that ethanol will evaporate faster than water due to its higher vapor pressure. Phase
separation of zein and HPMC polymers will be induced by solvent evaporation during the drying
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process of coating forming outer zein-rich and inner HPMC-rich layers. Hansen solubility
parameters (HSPs) of hexanal were obtained from the library of HSPiP software package (5.0.04,
Hansen Solubility Parameters in Practice, www.hansen-solubility.com), as 15.8 MPa1/2, 8.4,
MPa1/2 and 5.3 MPa1/2, where δD, δP, and δH are parameters for dispersion, polar interaction, and
hydrogen bonding, respectively. The calculated Ra values between hexanal and polymers were as
follows; zein and hexanal 20.20 MPa1/2, and HPMC and hexanal 15.76 MPa1/2. According to HSPs,
smaller Ra value is associated with the higher compatibility of two compounds (Hansen, 2004;
2007; Reddy et al., 2014; Stefanis and Panayiotou, 2008; Vay et al., 2011). When hexanal is
incorporated to the zein and HPMC based coating solution, it will be entrapped in polymeric
structures. Since, the HSP values of zein and hexanal vs. HPMC and hexanal are not significantly
different, hexanal would be retained by both of the polymers. However, relatively more of hexanal
would be entrapped in the zein polymer due to the hydrophobic nature of zein and hexanal, as well
as higher amount of zein in the formulation. The efficacy of formulation #7 can be attributed to
the stratification of zein and HMPC in the coating that effectively delivered hexanal to the fruits.
Hexanal has been proven to be an effective inhibitor of PLD which is a key enzyme involved in
starting catabolic reactions that lead to membrane deterioration in fruit tissues (El Kayal et al.,
2007; Tiwari, and Paliyath, 2011). By inhibiting the PLD enzyme, the entire catabolic pathway
can be decelerated, thereby reducing the membrane deterioration and slowing down the
progression of senescence (Jincy et al., 2017; Pak Dek et al., 2018; Paliyath, 2019). In addition to
acting as a PLD inhibitor, the hexanal in the coating might have elicited antifungal and antibacterial
properties (Almenar et al., 2007; Garradini et al., 1997; Lanciotti et al., 1999, 2003; Song et al.,
1996, 2007; Sholberg and Randall, 2007). Moreover, the ethanol solvent might have also exerted
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inhibitory properties against microorganisms (Man Adrian et al., 2017; Oh and Marshall, D, 1993;
Peters et al., 2013). These hexanal-induced bioactivities, along with the barrier properties of zein
and HMPC polymers (Boyaci et al., 2019; Luecha et al., 2011; Pygall et al., 2018; Rogers and
Wallick, 2012; Rong-yu and Yao-wen, 2003; Shi et al., 2009) are the key contributors to
zein/HPMC coating efficacy in preserving the nectarine fruits.
Side view of samples
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Fig. 5.1 Photographs after 7 days: a) control; b) 100% zein coating; c) 100% HPMC coating; d)
80:20 (w/w) zein:HPMC; e) 60:40 (w/w) zein:HPMC; f) 40:60 (w/w) zein:HPMC; g) 20:80 (w/w)
zein:HPMC; h) 60:40 (w/w) zein:HPMC, 0.0815 g hexanal 0.76 g glycerol added sample.
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Fig. 5.2 Photographs after 14 days: a) control; b) 100% zein coating; c) 100% HPMC coating; d)
80:20 (w/w) zein:HPMC; e) 60:40 (w/w) zein:HPMC; f) 40:60 (w/w) zein:HPMC; g) 20:80 (w/w)
zein:HPMC; h) 60:40 (w/w) zein:HPMC; 0.0815 g hexanal 0.76 g glycerol added sample HPMC
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Fig. 5.3 Comparison of control sample and formulation #7 treated fruits: a) control fruit on day
14; b) formulation #7 treated fruit on day 14; c) control fruit on day 18 from side view; d)
formulation #7 treated fruit on day 18 from side view; e) control fruit on day 18 from upper side;
f) formulation #7 treated fruit on day 18 from upper side.

5.3.2 Weight loss analysis
Ripening of fruits is often accompanied with weight loss due to increased respiration rates
(Chávez-Murillo et al., 1015; Jiang et al., 2018; Santos et al., 2018). Figure 5.4 demonstrates the
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weight loss trend during 14 days of storage. On day 7, weight losses were similar between control
and formulation #7 treated fruits. However, formulation #3, #5, and #6 demonstrated higher weight
losses. The control sample had the least amount of weight loss with 15.25% at the end of 14 days,
while formulation #7 treatment has 17.07% weight loss. Even though control had the least amount
of water loss on day 14, it showed substantial quality defects such as mold and bruise development.
Similar results were observed in literature. Arnon et al. (2014) studied the effects of
carboxymethyl cellulose and chitosan bilayer edible coating on the postharvest quality of citrus
fruits (‘Or’ and ‘Morr’ mandarins, ‘Navel’ oranges, ‘Star Ruby’ grapefruits). Their results
indicated that bilayer carboxymethyl cellulose and chitosan based edible coating had no significant
effect on the weight loss of oranges, and grapefruits, whereas bilayer coating slightly increased the
weight loss from 3.8% in control fruit to 4.4% in ‘Morr’ mandarins (Arnon et al., 2014). Similarly,
Navarro-Tarazaga et al. (2008) employed hydroxypropyl methylcellulose and beeswax based
edible films to evaluate the postharvest quality of coated plums (Cv. Angelo). Their study
demonstrated that weight loss increased with the increased storage time, and became more
noticeable between control and coated plums. The study revealed that edible coating treatment did
not enhance the natural water barrier of plums, and even worsened it (Navarro-Tarazaga et al.,
2008).
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Fig. 5.4 Weight loss trend for control (uncoated) and formulation #1 to #7 applied fruits during 14
days of storage.

5.4 Conclusion
In this work, preliminary studies on the effects of 7 different coating formulations on the
storage quality attributes of nectarines were studied. Coating uniformity analysis revealed that
formulation #7, prepared by using 60:40 (w/w) zein:HPMC, polymer ratio, was able to preserve
nectarines during storage under ambient conditions. All other formulations (#1 to #6) resulted in
various degrees of quality defects, such as mold development, bruise development, excessive
coating wrinkles, delamination and whitish coating marks appeared in lines. Weight loss analysis
revealed that the weight loss of coated and formulation #7 treated fruits were 15.25% and 17.07%,
respectively. Formulation #2 to #6 treated fruits showed considerably higher weight loss than rest
of the treatments. This study demonstrated that the hexanal incorporated edible coating can be
promising for extending the shelf-life of nectarine fruits during storage at 22 °C.
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Chapter 6: Effects of coating formulation parameters on the quality properties of nectarine
fruits

6.1 Introduction
Nectarines ripen and deteriorate rapidly after harvest due to physiological disorders and
breakdown of internal tissues. These changes result in dramatic decrease in their nutritional value
and increase in post-harvest diseases, limiting their shelf life of 3 to 4 days under ambient
conditions (Lill et al., 1989; Lurie and Crisosto, 2005). Even though cold storage is one of the most
widely used post-harvest protection technique, these fruits are susceptible to chill injury (Crisosto
et al., 1995, 1999). The development of new post-harvest protection methods that are effective at
a wide range of storage temperatures and conditions is needed for better preservation of these
tender fruits.
Edible coatings are widely used for agricultural produce as gas, water and aroma barriers
for reducing microbial and mechanical damages, delaying the senescence process, extending the
shelf life, and preserving the quality properties (Arnon-Rips et al., 2019; Ju et al., 2019; Kennedy
and Knill, 1997). They can also reduce physiological damages, oxidation and respiration rates of
fresh produce (Allegra et al., 2017; Baldwin et al., 1996; Maftoonazad et al., 2007). Edible coatings
formulated with proteins, polysaccharides, and lipids as carrier matrices to deliver various
ingredients (e.g., antimicrobials, antioxidants, and vitamins) to the target food products to enhance
their safety and the nutritional properties (Dhall, 2013; Krochta et al., 1994; Plackett, 2011; SilvaWeiss et al., 2013; Talens et al., 2010; Thakur and Thakur, 2018).
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As reviewed in Section 2.4, hexanal is an effective inhibitor of the PLD - an enzyme
involves in various catabolic reactions and cell membrane deterioration in fresh produce (Paliyath
et al., 1999; Paliyath and Subramanian, 2008). Moreover, hexanal is antimicrobial compound that
can help extend the shelf life of fruits and vegetables (Cheema et al., 2014; Song et al., 1996,
2007). Edible coatings can be a promising carrier to effectively deliver hexanal to these products.
Zein and HPMC are generally regarded as safe (GRAS). They have widely used biopolymers in
edible food coating applications. Zein as corn maize protein demonstrates excellent film-forming
properties (Anderson and Lamsal, 2011; Lasztity, 1979). As a modified cellulose polymer, HPMC
is commonly used in edible coating and controlled release applications due to its excellent
mechanical as well as low oxygen and carbon dioxide permeability properties which can delay
fruit ripening (Choi et al., 2016; Formiga et al., 2019; Grower et al., 2004). In this chapter, zein
and HMPC were evaluated as carrier polymers to deliver hexanal to nectarines. To this end, it is
important to select optimum level of polymers, hexanal, and solvent system in the formulation to
achieve the desired performance (Banks et al., 1997).
Response Surface Methodology (RSM) is a statistical application that is widely used in the
optimization and assessing of the treatment parameters in the food research. This tool allows
optimizing, developing, and improving the processes/formulations when there is more than one
independent variable influencing the response variables (Baş and Boyacı, 2007; Jensen, 2017;
Kaushik et al., 2006). In addition to understanding the effect of each independent variable, the
interaction of these variables on the response can also be evaluated via RSM analysis. Different
RSM methodologies can be employed to gather the data from determined treatments, such as full
factorial design, Box-Behnken design, and central composite rotatable design (Lenth, 2012; Myers
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et al., 2009). Response surface methodologies have been applied by researchers to study the effects
of variables in product formulation, drying processes, microencapsulation applications, enzymes
production, and so on (Bocchini et al., 2002; Burande et al., 2008; Yolmeh and Jafari, 2007).
The objective of this chapter was to study the effects of coating formulation parameters on
the selected quality attributes of nectarine fruits. The effects of the independent variables (hexanal
loading, zein/HPMC polymer ratio, and ethanol/water solvent ratio) and their interactions were
evaluated by using response surface methodology. The response variables evaluated were weight
loss, firmness, TSS, and pH.

6.2 Materials and methods
6.2.1 Materials
Nectarines were provided by University of Guelph’s Tree Fruit Program and Ontario
Tender Fruit Producers in Guelph, ON, Canada. Visual inspection was carried out in order to obtain
consistent ripeness and to eliminate any major defects or physical damages that could affect the
results of the experiments. Zein was purchased from Flo Chemical Corporation (Ashburnham,
MA, USA), while HPMC from Sigma-Aldrich, Inc. (St. Louis, MO, USA). Based on the supplier’s
information, the HMPC had a methoxyl content of 28-30% and a hydroxypropyl content of 7-12%.
Hexanal was supplied by Sigma-Aldrich, Inc. (St. Louis, MO, USA) with a purity of 98%.
Anhydrous ethyl alcohol was supplied by Greenfield Global - Commercial Alcohols (Brampton,
ON, Canada). Glycerol (>99% purity) was supplied by Aldrich Chemical Co. Inc. (Milwaukee,
WI, USA).
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6.2.2 Coating preparation
In order to elucidate the effect of coating formulation on nectarines, RSM was employed.
From Chapter 5, it was found that the coating formulation containing 60:40 w/w zein:HMPC (6%
total polymer concentration in 70% w/w aqueous ethanol solvent), loaded with 0.1 ml (0.0815 g)
hexanal and 0.76 g glycerol, was promising for preserving the nectarines. The ranges of
independent variables for the present RSM were established surrounding these values. In total, 15
different coating formulations were prepared. The total polymer ratio and the glycerol ratio were
kept constant at 6% (w/w) and 0.76 g respectively, in all coating formulations. The coatingforming solutions were prepared by uniformly dispersing zein and HPMC polymers in aqueous
ethanol solvents. A mechanical stirrer (Model # Agitator, Ser. # CP1008271, Arrow Engineering,
Co., Inc., NJ, USA) was used to mix the solution to dissolve the polymers, followed by the addition
of glycerol. Next, hexanal was incorporated into the formulations at different levels based on the
RSM experimental design. Following the mixing process, the air bubbles entrapped in the coating
solutions were eliminated by using a centrifuge (Model # IEC 21000, Ser. # 6464C0100,
International Equipment Co., MA, USA) at 10000 rpm (9,279.4 xg) for 10 min.

6.2.3 Coating uniformity analysis
Coating stability and uniformity of coated nectarines during their storage period at 22 °C
were evaluated by inspecting for: (i) Occurrence of cracking, flaking, blistering; and (ii) Mold and
bruise development on fruits. These parameters were evaluated on day 1, 4, 8, 12, 16, and 19.
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Photographs of the fruits were recorded by a digital camera (Panasonic, Kadoma, DMC-FZ50,
Osaka, Japan).

6.2.4 Physiological loss in weight (PLW)
Coated and the control (uncoated) fruits from each treatment were evaluated for weight
loss. The initial weights of the fruits were recorded after the coating procedure. The fruits were
weighed at the 0, 4, 8, 12, 16, and 19 days during storage. The weight loss was defined as
percentage loss of initial weight, and it was calculated by using the formula below. The accuracy
of the precision balance was 0.1 mg.
Weight loss percentage (%) = (initial weight − final weight) / (initial weight) × 100

6.2.5 Firmness analysis
Puncture tests were carried out for the control (uncoated) and coated samples to determine
the effects of coating on fruit firmness on 0, 4, 8, 12, 16, and 19 days of storage periods. Firmness
was measured using an Instron Universal Testing Machine (Instron Corp., Model # 1122, Canton,
MA, USA) equipped with a tapered tip cylinder probe, which was set to penetrate the sample. The
maximum force that was achieved to penetrate into the fruits was recorded.
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6.2.6 pH analysis
The fruits that were used to evaluate the firmness were used for pH analysis. The fruit juice
was extracted from each fruit by using a mortar. The pH values were determined using a pH meter
(Fisher Scientific, Accumet XL20 pH meter, Ottawa, ON, Canada) at the 0, 4, 8, 12, 16, and 19
days during storage.

6.2.7 Total soluble sugar (TSS) analysis
Brix (%) levels of each fruit were determined by using an optical portable refractometer
(Fisher Scientific, FS1394620, MA, USA). The fruits used for firmness analysis were used for
TSS analysis. The fruit juice was extracted from each fruit by using a mortar and their Brix levels
were measured at the 0, 4, 8, 12, 16, and 19 days during storage.

6.2.8 Surface response methodology
RSM was applied to study the effects of the coating formulation parameters. Minitab 19,
version 19.1.1 (Minitab, LLC, PA, USA) was used for data analysis. A central composite rotatable
design (CCRD) was applied to evaluate the effects of components of the coating formulation
(hexanal loading, zein/HPMC ratio in total polymer ratio, and ethanol/water ratio). The response
variables evaluated were weight loss, firmness, TSS, and pH levels. Based on the observation from
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the preliminary studies, the quality parameters were evaluated on the 12th day of storage before
the development of mold.
Each of the process parameters was evaluated at five different levels of combining factorial
points (-1, +1), axial points (-α, +α) and central point (0), as shown in Table 6.1. A total of 20 runs,
with 6 replications in the center points, were performed. A second-order polynomial equation was
fitted to the data to find the optimum formulation components:
3

3

2

3

𝑌 = 𝑎0 + ∑ 𝑎𝑖 𝑥𝑖 + ∑ 𝑎𝑖𝑖 𝑥 2 + ∑ ∑ 𝑎𝑖𝑗 𝑥𝑖 𝑥𝑗 + 𝜀
𝑖=1

𝑖=1

𝑖=𝑙 𝑗=𝑖+𝑙

where Y is the predicted response; xi and xj are the factors that affect the predicted response Y; αi,
αii and αij are the coefficient of linear, quadratic and interaction parameters; and ε represents the
error. Analysis of variance (ANOVA), coefficient of determination, F-value, and P-value were
used to determine the goodness of fit and significance of the models. The regression equation and
surface contour plots were used to assess the effect of independent variables.
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Table 6.1 Ranges and levels of independent variables based on central composite rotatable design
for assessing the effects of hexanal loading (X1); zein/HPMC ratio (X2); and ethanol/water ratio
(X3).
Coded Levels

Independent
Variables

Symbols

Hexanal loading (ml)

-1.682

-1

0

+1

+1.682

X1

0

0.0405

0.1

0.159

0.199

Zein/HPMC ratio

X2

1.06

1.22

1.5

1.85

2.16

Ethanol/Water ratio

X3

1.60

1.85

2.33

3

3.63

6.3 Results and Discussion
6.3.1 RSM model development of the coating treatment
To evaluate the effects of the coating formulations, a total of 20 treatments were tested
with different combinations of hexanal loading, zein/HPMC ratio, and ethanol/water ratio (Table
6.2). In addition to coating treatments, fruits without any coating were kept as control fruits.
Multiple regression analysis was conducted to fit a quadratic response surface function to the
experimental data. Experimental and predicted values are summarized in Table 6.2.
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Table 6.2 Coded variables for RSM design and experimental/predicted values. Y1, Y2, Y3, and
Y4 are weight loss, firmness, pH and TSS levels, respectively. X1, X2, and X3 are the coded
values for hexanal loading, zein/HPMC ratio, and ethanol/water ratio, respectively.
#

Coded Variables

Experimental values
Y1

Y2

X1

X2

X3

1

0

0

0

34.41 0.275 3.51 11.3

27.12 0.295 3.42

11.95

2

+1

-1

-1

23.81

3

0

0

-1.682

4

0

0

0

25.7

5

-1

-1

+1

27.18 0.113 3.55

6

+1.682

0

0

7

-1

+1

8

0

9

0.18

Y3

Y4

Predicted values
Y1

Y2

Y3

Y4

3.68

17

21.21 0.199 3.67

17.15

23.45 0.281 3.76

14

20.06 0.284 3.66

13.94

27.12 0.295 3.42

11.95

23.96 0.162 3.40

13.44

20.63 0.253 3.47 13.5

22.23 0.288 3.47

13.88

-1

23.43 0.316 3.53 11.5

24.39 0.386 3.50

12.44

0

0

34.66 0.231 3.31 10.5

27.12 0.295 3.42

11.95

0

0

0

27.48 0.397 3.33 13.1

27.12 0.295 3.42

11.95

10

+1

+1

+1

29.55 0.197 3.53 12.5

27.32 0.241 3.46

13.09

11

-1.682

0

0

23.69 0.239 3.21 12.9

22.44 0.215 3.33

12.66

12

0

-1.682

0

24.78 0.135 3.39 14.5

28.17 0.170 3.50

15.22

13

0

0

0

22.79 0.353 3.29 11.5

27.12 0.295 3.42

11.95

14

0

0

0

17.2

27.12 0.295 3.42

11.95

15

+1

+1

-1

17.45 0.373 3.61 13.1

20.48 0.319 3.68

12.62

16

0

0

+1.682

20.29 0.221 3.37

15

22.08 0.226 3.49

15.11

17

-1

-1

-1

20.57 0.193 3.55

15

22.82 0.145 3.53

14.34

18

+1

-1

+1

29.35 0.391 3.41

15

28.27 0.317 3.35

14.04

19

-1

+1

+1

23.4

0.243 3.51 15.5

25.32 0.206 3.46

15.12

20

0

+1.682

0

31.39

0.31

29.69 0.298 3.64

13.78

0.271 3.44 13.5

0.254 3.59

13

12

3.62 14.1

As shown from the analysis of variance (Table 6.3), the P-values of the quadratic models
for weight loss data (Y1) and pH (Y3) are relatively high (0.776 and 0.307, respectively) with
corresponding R2 values of 0.349 and 0.555, respectively, implying that the model did not explain
these variables well. The quadratic model provided better fit for firmness (Y2) and TSS (Y4) data,
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with R2 values of 0.619 and 0.793, respectively, i.e., the models accounted about 62 and 79% of
the variance observed in these responses, respectively. The sample-to-sample variation might have
had an impact on how models fitted, since samples might have different characteristics such as
color, shape, dimension, and surface morphology. The results regression equations for the
quadratic models from the response surface analysis are as follow:

Y1= -7.8 + 39X1 - 13.3X2 + 32.1X3 – 484X12+ 5.7X22 - 6.68X32 - 31 X1X2 + 43.7X1X3 - 0.3X2X3
Y2 = -1.797 + 1.88X1 + 1.738X2 + 0.476X3 - 4.36X12 - 0.257X22 - 0.0335X32 - 1.60X1X2 +
0.755X1X3 - 0.270X2X3
Y3 = 6.08 + 3.48X1 - 1.76X2 - 1.138X3 - 2.44X12 + 0.469X22 + 0.1887X32 + 0.57X1X2 1.35X1X3 + 0.131X2X3
Y4 = 63.0 + 70.1X1 - 39.52X2 - 18.53X3 + 133.8X12 + 9.35X22 + 2.550X32- 35.0X1X2 - 16.3X1X3
+ 4.93X2X3

where Y1, Y2, Y3, and Y4 represent weight loss, firmness, pH and TSS levels, respectively; X1, X2
and X3 are independent variables for hexanal loading, zein/HPMC ratio, and ethanol/water ratio,
respectively. The equations were tried to be reduced by eliminating of insignificant terms. Since
the coefficient of determination (R2) values decreased, and the models were significantly affected,
the equations were presented without eliminating the terms.
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Table 6.3 ANOVA results for response parameters. Y1, Y2, Y3, and Y4 are weight loss, firmness, pH and TSS levels, respectively (for
Y1, R2=0.3489; Y2, R2=0.6193; Y3, R2=0.5554; Y4, R2=0.7925).
Source
Model
Linear
Hexanal
Zein/HPMC
Ethanol/Water
Square
Hexanal*Hexanal
Zein/HPMC*Zein/HPMC
Ethanol/Water*Ethanol/Water
2-Way Interaction
Hexanal*Zein/HPMC
Hexanal*Ethanol/Water
Zein/HPMC*Ethanol/Water
Error

Y1
DF F-Value P-Value
9
0.60
0.776
3
0.07
0.973
1
0.07
0.799
1
0.06
0.809
1
0.12
0.739
3
1.38
0.304
1
1.34
0.273
1
0.17
0.689
1
2.68
0.133
3
0.22
0.879
1
0.09
0.773
1
0.58
0.464
1
0.00
0.979
10

Y2
F-Value P-Value
1.81
0.185
1.76
0.217
1.18
0.302
0.39
0.544
3.18
0.105
0.99
0.438
0.74
0.411
2.34
0.157
0.45
0.517
2.36
0.133
1.62
0.232
1.17
0.305
4.31
0.065
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Y3
F-Value P-Value
1.39
0.307
1.29
0.331
0.33
0.581
1.62
0.232
1.27
0.285
1.93
0.189
0.06
0.806
2.13
0.175
3.95
0.075
0.45
0.722
0.06
0.817
1.02
0.336
0.28
0.608

Y4
F-Value P-Value
4.24
0.017
1.79
0.212
0.20
0.660
0.01
0.915
5.09
0.048
7.57
0.006
2.99
0.115
13.34
0.004
11.33
0.007
3.98
0.042
3.32
0.098
2.36
0.155
6.21
0.032

6.3.2 Effect of coating treatments on response variables
Weight loss in fresh fruits is mostly associated with respiration and moisture evaporation
from the skin. Nectarines have thin skin that makes the fruits susceptible to rapid moisture loss
after harvest (Sinha, 2012), directly influences their postharvest storage stability and commercial
value. In this study, the weight loss for the control (uncoated) sample was 16% at the end of 12
days. The weight loss values obtained for coated nectarines ranged from 17 to 35%, depending on
the formulations applied (Table 6.2). Researchers have reported that the addition of hydrophobic
components into formulations could improve their water barrier properties. (Fabra et al., 2008;
Monedero et al. 2009). However, zein is a hydrophilic polymer with weak moisture barrier
properties, despite being more hydrophobic properties than HPMC. At the coating thickness tested,
the incorporation of zein into the coating formulations did not result in a decrease in weight loss,
implying that the coating formulations were ineffective in decreasing the weight loss of the
nectarines during the 12-day storage at ambient conditions. The poor moisture barrier properties
of the coating might have explained the poor goodness of fit of the quadratic model on the weight
loss data. Some of the work in literature reported no effect of edible coatings on decreasing weight
loss of different fruits. Baldwin et al. (1997) showed that weight loss of coated cherries or
cucumbers compared to uncoated fruits was not decreased by incorporation of soybean oil or
carnauba wax to a hydroxypropyl cellulose coating. The other work conducted by Bai et al. (2002)
reported that application of carnauba-polysaccharide based edible coating did not reduce the
weight loss of ‘Red Delicious’ apples. In addition, Erbil and Mutfungil (1986) demonstrated that
peaches coated with carboxymethyl cellulose-coconut oil based coating had higher weight loss
compared to control fruits at room temperature at 57-63% RH.
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Firmness is an important parameter that reflects the changes in postharvest quality of fruits
and vegetables. Softening of fruits after harvest is associated with the degradation of cell wall
components, mostly pectin, due to the enzymatic activity of polygalacturonase (Manning, 1993).
Therefore, fruit firmness is considered to be an indirect measurement of the ripeness during
postharvest storage (Valero et al., 2005). In this study, the control sample showed 0.19 kgf firmness
at the end of 12 days. To evaluate the effects of different components in the formulations on fruit
firmness, response surface plots of different combinations of variables were generated (Figures
6.1a, 1b, 1c). As shown, the firmness values ranged from 0.11 to 0.39 (kgf) depending on different
formulations applied (Table 6.2). In order to demonstrate the changes in response variables
(firmness, pH, and TSS) in the surface and contour plots as effected by two independent variables,
the third independent variable was kept at a constant level (hexanal amount: 0.1 ml; zein/HPMC
ratio: 1.61; ethanol/water ratio: 2.61) by the software program. These values were chosen since
they fall in the middle of minimum and maximum values of independent variables. Figure 6.1a
shows how firmness was affected by hexanal loading and zein/HPMC ratio, when the
ethanol/water ratio was kept at 2.61. At low zein loading, increasing hexanal actually increased
the firmness, but at high zein loading, hexanal has an opposite effect. When ethanol/water ratio
was kept at 1.6, increase in firmness was not as strong as the increase that observed with 2.61
ethanol/water ratio at low zein loading with increased hexanal. Figure 6.1b demonstrates how the
firmness changes with hexanal and ethanol/water ratio when the zein/HPMC ratio was kept at 1.61.
At low ethanol/water levels, firmness decreased with increased hexanal. When zein/HPMC ratio
is kept at 1.06, it was observed that firmness increased with increasing hexanal and ethanol/water
ratio. Finally, Figure 6.1c shows the effects of ethanol/water and zein/HPMC ratios when hexanal
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loading was kept at 0.1 mL. Firmness gradually increased when the zein/HPMC ratio is increased
at low ethanol/water ratio, whereas firmness decreased with increased zein/HPMC ratio at high
ethanol/water ratios. Protected firmness of fruits can be attributed to decreased PLD enzyme
activity and antimicrobial properties of hexanal, as well as barrier properties of zein and HPMC
polymers (Luecha et al., 2011; Paliyath, 2017; Rogers and Wallick, 2012; Song et al., 1996; Tiwari,
and Paliyath, 2011). Firmness of other fruits were also protected with different edible coating
applications, and reported in the literature (Arnon et al., 2014; Baraiya et al., 2015; Diab et al.,
2001; Mehyar et al., 2014; Nadim et al., 2015; Tahir et al., 2018).

Fig. 6.1a 3D response surface plot and contour plot for firmness vs zein/HPMC ratio and hexanal
amount (When ethanol/water ratio was kept at 2.61).

Fig. 6.1b 3D response surface plot and contour plot for firmness vs ethanol/water ratio and hexanal
amount (When zein/HPMC ratio was kept at 1.61).
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Fig. 6.1c 3D response surface plot and contour plots for firmness vs ethanol/water and zein/HPMC
ratio (When hexanal amount was kept at 0.1 ml).

The pH levels of all the treated fruits was higher than the uncoated control fruit (except
formulation #11 and uncoated control fruit showed same TSS levels at the end of 12 days). At the
end of 12 days of storage, the juice extracted from the uncoated control sample had a pH of 3.21,
while the treated samples ranged between pH 3.21 to 3.76. Figure 6.2a demonstrates pH changes
as affected by hexanal loading and zein/HPMC ratio, when the ethanol/water ratio was kept at
2.61. Increased hexanal and zein/HPMC ratio induced increases on pH levels. When ethanol/water
ratio is hold at 1.6, pH increased dramatically with increased hexanal and zein/HPMC ratio. On
the other hand, when ethanol/water ratio is hold at 3.63, at low zein loading, pH decreased with
increased hexanal. Figure 6.2b presents how pH changes depending on hexanal and ethanol/water
ratio when the zein/HPMC ratio is kept at 1.61. At low ethanol/water ratios, pH increased with
increased hexanal, whereas at high ethanol/water ratios, pH decreased with increased hexanal.
Figure 6.2c shows how pH changes depending on ethanol/water and zein/HPMC ratio when
hexanal amount is kept at 0.1 ml. The minimal pH levels were archived when the zein/HPMC ratio

112

is between 1.13-1.68, and the ethanol/water ratio is between 2.45 and 3.31 (pH < 3.4). Below 2.45
and above 3.31 ethanol/water ratio, pH levels increased with increased zein/HPMC ratio.

Fig. 6.2a 3D response surface plot and contour plot for pH vs zein/HPMC ratio and hexanal
amount (When ethanol/water ratio was kept at 2.61).

Fig. 6.2b 3D response surface plot and contour plot for pH vs ethanol/water ratio and hexanal
amount (When zein/HPMC ratio was kept at 1.61).
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Fig. 6.2c 3D response surface plot and contour plots for pH vs ethanol/water and zein/HPMC ratio
(When hexanal amount was kept at 0.1 ml).

Total soluble sugars (TSS) is attributed to the content of sugars (fructose, glucose, and
sucrose) and organic acids of fruits (Dai et al., 2016; Lanadiya, 2008). TSS levels generally range
from 10-20% of fruit fresh weight, and it tends to increase during the maturity of fruits due to
degradation of polysaccharides. However, there are different views about how sugar levels change
during the ripening process. But for nectarines and peach, some studies observed an increase on
TSS levels after harvest (Crisosto, 1994), and some studies have reported that TSS levels do not
change significantly during post-harvest storage conditions (Powell et al., 1999; Yossef, 2014),
which is in accordance with the TSS results observed in the present study. The uncoated sample
had 11.3% Brix at the end of 12 days of storage, while the treated samples ranged between 10.5 to
17% Brix. The fruits coated with central point formulation showed an average of 11.98% Brix,
whereas, the uncoated (control) sample had 11.3% Brix at the end of 12 days of storage. The
changes in TSS based on the independent variables are presented in Figures 6.a, 3b, and 3c. Figure
6.3a demonstrates how TSS changes depending on the hexanal and zein/HPMC ratio when the
ethanol/water ratio is kept at 2.61. TSS levels increased with increased hexanal at low zein loading,
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whereas TSS levels decreased with increased hexanal amount at high zein loading. On the other
hand, Figure 6.3b shows how TSS changes depending on hexanal and ethanol/water ratio when
the zein/HPMC ratio is kept at 1.61. TSS levels increased with increased hexanal at low
ethanol/water ratio whereas TSS levels decreased with increased hexanal at high ethanol/water
ratio. At low hexanal content, TSS levels increased with increased ethanol/water ratio. When
zein/HPMC level is hold at 2.16, TSS level did not change significantly with increased hexanal at
low ethanol loading. The increase in TSS levels was higher with increased ethanol/water ratio at
low hexanal levels than with increased ethanol/water ratio at high hexanal levels. Figure 6.3c
presents how TSS changes depending on ethanol/water and zein/HPMC ratio when hexanal
amount is kept at 0.1 mL. TSS levels decreased with increased zein amount at low ethanol/water
ratios, whereas TSS increased with increased zein amount at high ethanol/water ratios.

Fig. 6.3a 3D response surface plot and contour plot for TSS vs zein/HPMC ratio and hexanal
amount (When ethanol/water ratio was kept at 2.61).
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Fig. 6.3b 3D response surface plot and contour plot for TSS vs ethanol/water ratio and hexanal
amount (When zein/HPMC ratio was kept at 1.61).

Fig. 6.3c 3D response surface plot and contour plots for pH vs ethanol/water and zein/HPMC
ratio (When hexanal amount was kept at 0.1).

In order to optimize the formulation, response optimization function was employed in
Minitab 19, version 19.1.1 (Minitab, LLC, PA, USA). During this analysis, weight loss response
was not included since the model did not explain the variable well. Firmness was set to maximum,
whereas pH and TSS levels were set to minimum. The results showed that 0.31 kgf firmness, 3.41
pH, and 11.7% Brix level for TSS could be achieved by using a coating formulation including
0.07 ml hexanal with 1.67 (62.5:37.5, w/w) zein:HPMC, and 2.31 (69.8:30.2, w/w) ethanol:water
ratios.
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6.3.3 Effect of coating treatments on coating uniformity
The changes in visual appearance of the coated fruits were recorded on days 1, 4, 8, 12, 16,
and 19. On day 1, formulation #6, #15 and #17 had blistering structures with approximately 0.2
cm diameter on the coating surfaces. Moreover, formulations #6, 7, 19, and 20 had white and
yellow patches. On day 4, one of the uncoated (control) samples developed a bruise on the surface,
while formulation #17 had an increased blistering on the coating. On day 8, one of the control
samples became moldy and was discarded, while formulation #11 began to develop some
blistering. On day 12, all other control samples developed bruises on the fruit surface. Samples
treated with formulations #16 and the central point did not show bruise and mold development for
up to 16 days of storage at ambient conditions. Other samples showed various degrees of defect;
the controls and those treated with formulations #12, 15 and, 18 had bruise and/or mold
developments. On day 19, all fruit samples showed substantial defects and quality losses.
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Day 4

a)

Day 8

b)

c)

Day 12

Fig. 6.4 Photographs of uncoated (control) fruits during 12 days of storage (C1, C2, and C3
represent the uncoated fruits): a) day 4; b) day 8; c) day 12.
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Day 4

a)

Day 8

b)

Day 12

c)

Fig. 6.5 Photographs of center treatment applied fruits during 12 days of storage (1, 4, and 8
represent the center treatment applied fruits): a) day 4; b) day 8; c) day 12.
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a)

Day 4

Day 8

b)

c)

Day 12

Fig. 6.6 Photographs of formulation #16 applied fruits during 12 days of storage (16A, 16B, and
16 C represent the formulation #16 applied fruits in RSM design): a) day 4; b) day 8; c) day 12.
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6.4 Conclusion
The relationship between response variables (weight loss, firmness, pH, and TSS) and
independent variables of the coating formulation (hexanal loading, zein/HPMC ratio, and
ethanol/water ratio) was investigated using RSM. The study showed that coating formulations
were not effective in decreasing weight loss, but were capable of preserving nectarine firmness.
Fruits coated with central point formulation (which is 60:40 w/w zein:HMPC, 6% w/w total
polymer concentration in 70% w/w aqueous ethanol solvent, loaded with 0.0815 g hexanal and
0.76 g glycerol) showed an average of 0.34 kgf firmness, whereas control had 0.19 kgf at the end
of 12 days of storage. The results demonstrated the pH levels of all the treated fruits was higher
than the uncoated control fruit (except formulation #11). On the other hand, TSS levels for coated
fruits ranged between 10.5 to 17% Brix. The fruits coated with central point formulation
demonstrated an average of 11.98% Brix, whereas, the uncoated (control) sample had 11.3% Brix
at the end of 12 days of storage. The response optimization showed that the coating formulation
including 0.07 ml hexanal with 1.67 (62.5:37.5, w/w) zein:HPMC, and 2.31 (69.8:30.2, w/w)
ethanol:water ratios could be used to achieve 0.31 kgf firmness, 3.41 pH, and 11.7% Brix levels.
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Chapter 7: Thesis conclusion and future work
7.1 Overall conclusion
In this thesis, a brief introduction is presented in Chapter 1. Literature review is presented
in Chapter 2 to provide necessary backgrounds on edible coating applications. Discussions are
focused on protective effects of different edible coating materials, specifically zein and HPMC
polymers. In addition, the formulation steps of coating solutions, phase separation phenomena in
dual-layer coatings, different application methods, along with the protective effect of hexanal as
an antimicrobial compound and a PLD inhibitor agent, are reviewed in this chapter. In Chapter 3,
advantages and limitations of hexanal are discussed, along with the need for developing a method
for extending the shelf life of nectarines. Research objectives are also presented in Chapter 3.
The research methodologies and findings are presented in Chapters 4, 5, and 6. Chapter 4
focused on structural and morphological characterization of zein/HPMC based coatings through
FTIR, SEM, and EDXS analyses. Coating samples were casted from different coating solutions.
Material components interaction and functional groups were studied using FTIR. The results
showed that characteristic absorbance zein peaks on the infrared spectra were more intense on the
top layer of the coating, whereas characteristic HPMC peaks were more dominant on the bottom
layer. SEM analyses revealed that the sample with 60% (w/w) zein and 40 % HPMC (w/w) showed
a clear dual-layer formation due to phase separation. During the drying process, ethanol evaporated
faster than water. Since zein is more compatible in ethanol than water in the solvent system, the
top layer of the coating tended to be zein-rich. SEM analysis also showed that blending zein with
HPMC polymer increased the smoothness of the film samples. Moreover, elemental distribution
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of nitrogen in the top and bottom layer of coating was studied with EDXS analysis. The results
revealed that top surface of the coating had greater concentration of zein, as revealed by the higher
abundance of nitrogen, than the bottom layer of the coating. In conclusion, Chapter 4 showed that
dual-layer zein/HPMC based edible coating can be designed and employed for coating
applications. Here, HPMC polymer enhanced the mechanical stability of zein in the coating
system. Dual-layer coatings can also help holding active compounds in the coating structure, such
as hexanal.
Chapter 5 investigated the effect of zein/HPMC coating formulations on the storage quality
attributes of nectarines. This chapter demonstrated that hexanal incorporation to the coating
formulation was able to extend the shelf life of nectarines at ambient storage conditions. Hexanalincorporated coating formulation protected fruit from mold and bruise development. The coating
structure was uniform, free of cracks, and there was no visible flaking and blistering. However,
there was no significant difference on weight loss between control and formulation #7 (hexanalincorporated coating) treated fruits. Protection of coated fruit may be attributed to hexanal’s
antimicrobial and PLD inhibition properties, as well as protective effects of zein and HPMC
polymers against gas transfers and microbial growth. Moreover, antimicrobial activity of ethanol
might have contributed to inhibition of microbial growth.
Based on the research findings from Chapters 4 and 5, the next section of this thesis
(Chapter 6) investigated the effects of coating formulation parameters (hexanal amount,
zein/HPMC polymer ratio, and ethanol/water solvent ratio) on the selected response parameters
(weight loss, firmness, TSS, and pH) of nectarines by using RSM. Results from this chapter
demonstrated that the effect of formulation parameters were not significant on weight loss of the
128

nectarines. On the other hand, firmness of center treatment applied nectarines showed an average
of 0.34 kgf firmness, whereas control whereas control had 0.19 kgf firmness. In addition, the
interaction of the zein/HPMC ratio and ethanol/water ratio was significant for firmness response.
In terms of pH levels, all the coated fruits had higher pH values than uncoated (control) fruits
(except formulation #11). It was also found that quadratic term of ethanol/water ratio was
significant for pH response. Moreover, TSS levels changed between 10.5 to 17% Brix for the
coated fruits. Centre treatment applied fruits showed an average of 11.98% Brix whereas, the
control sample had 11.3% Brix at the end of 12 days of storage. The ethanol/water ratio, the
interaction between the zein/HPMC ratio and hexanal, the interaction between zein/HPMC and
ethanol/water ratio, and the quadratic term of zein/HPMC and ethanol/water ratios were significant
on TSS.
In conclusion, this thesis research showed that the incorporation of hexanal into zein and
HPMC based coating formulations can extend the shelf life of nectarines. The developed edible
coating formulation can possibly be used for other types of antimicrobial compounds for extending
the shelf life and decreasing the post-harvest loss of perishable fruits.
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7.2 Future works
On the basis of research observations and results of this study, recommendations for future
work are outlined as follows;


Evaluation of the antimicrobial efficacy of hexanal-incorporated zein:HPMC coating
formulations against specific spoilage microorganisms on fresh produce.



Investigating the effects of edible coating formulations to extend the shelf life of other
perishable fruits such as plums, apricots, and cherries.



Evaluating the effect of hexanal-incorporated zein:HPMC coating formulations in different
storage conditions (temperature and relative humidity) on the postharvest quality and shelf
life extension of nectarines.



Designing a model substrate to simulate the fruit for studying the release profile of hexanal
from coating to the fruit tissues.



Assessing the feasibility of using different techniques to apply the coating solutions such
as spraying by considering materials properties of polymers and surface morphology of
foods.



Conducting sensory evaluation studies for coated fruits to determine the consumer
acceptability.
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