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ABSTRACT 

 

DEVELOPMENT OF NOVEL HEXANAL ENCAPSULATED FIBER (HEF) THROUGH 

ELECTROSPINNING AND ITS APPLICATION TO EXTEND THE SHELF LIFE OF 

FRUITS  

 

Syndhiya Ranjan      Advisor: 

University of Guelph, 2019    Dr. Jayasankar Subramanian 

Phospholipase D inhibition (PLD) technology is a membrane preservation 

technique using bioactive compound hexanal to enhance shelf life of fruits. Application of 

hexanal as spray or dip improves the post-harvest fruit quality but is limited due to its 

volatility. To overcome this, hexanal was encapsulated in a fiber from polymeric 

formulation of 1:2:5 and 1:5:5 w/w of hexanal, zein and PEO (HZP) using electrospinning. 

The release of hexanal from the fiber was activated by increase in relative humidity due 

to respiration of fruits. Surface characterization of the fiber using SEM showed that fiber 

was intact at 0% RH, expanded and distorted at 43 and 96% RH, respectively. FTIR 

characterization of the neat and hexanal loaded fibers showed the interaction behaviour 

of hexanal to zein and PEO. The hexanal release study from the fiber showed (i) activated 

release of hexanal from the fiber when exposed to 96% RH (ii) higher hexanal load was 

obtained from the fiber containing 1:2:5 HZP. The prepared fiber was tested on peach, 

plums, as single treatment. Further nectarine and pears were also exposed to HEF, after 

dipping them in enhanced freshness formulation (EFF), containing hexanal. The 

storability of fiber was analysed by using the fiber at 0 d, 7 d and 15d post preparation by



storing in 0% RH. The decay percentage in nectarines, peaches, plums and pears was 

reduced and in addition the plums colour was maintained. The shelf life increased by 5 

days in peach, nectarines and plums and 7 days in pears under room temperature 

irrespective of the age of fiber indicating the efficient fiber quality by storing it in the 0% 

RH.  Application of HEF in the fruit packaging can enhance the shelf life during export or 

local transportation where the cold storage facility is not well developed. 
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CHAPTER 1 

Introduction 

World economic forum (2016) reported that the current world population has 

doubled since 1960s and it is estimated that it would reach 8 billion by 2025 from the 

current population of 7.7 billion. It is expected that the demand for food will increase by 

60% which is challenging, as the agricultural lands are being degraded steadily as well 

as the negative effect of climate change on agriculture (World economic forum, 2016). 

Hence the recent innovations in agriculture focuses on minimizing the food waste and 

increasing food security.  

The Food and Agriculture Organization (FAO) estimated that 815 million people 

(11%) are suffering from undernourishment (FAO, 2011). The food loss accounts for 

US$680 billion and US$310 billion in developed countries and developing countries 

respectively. In each country, the loss varies depending upon the crop production, choice 

and patterns, infrastructure and capacity, supply chain distribution and food use practices. 

Minimizing these losses leads not only to availability of nutrient rich food but also improves 

the economic returns of the country and enhance food security.  

Fruits and vegetables (F&V) are an important source of nutrients, dietary fibers 

and is considered as the main source of human dietary choice. Adequate intake of these 

nutrient rich food helps in fostering a healthy living as they can reduce the risk of obesity, 

diabetes, cardiovascular disease and certain types of cancer. It is estimated that lower 

intake of F&V attributes to approximately 2.7 million annual death and is the sixth main 

risk factor for mortality in world (Sachdeva et al., 2014). The challenge of increasing the 

consumption lies in the availability of these nutrient rich food. Overall, one-third of the 
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food produced for human consumption is wasted or lost every year (FAO, 2011) and the 

major loss of about 44% occurs in the F&V.  

Fig 1.1: Per capita food loss and waste, during the supply chain management from 
different region of the world (adapted from Gustavsson et al., 2011). 

 

According to FAO, in developed countries, the losses of F&V occurs during sorting 

and grading are due to the high-quality standards set by the retailers, while in developing 

countries losses occurs mostly from the production to processing stages of food supply 

chain (FSC) due to poor infrastructure for storage, transportation and markets (FAO, 

2011). This trend shows that the magnitude of the post-harvest losses of fruits and 

vegetable are high in developing countries where the threat lies in storing the fruits 

(Subramanian et al., 2014) compared to the developed/industrialized countries. Profitable 

investment on increasing the efficiency of FSC helps in reducing these losses. 



3 
 

Harvesting and handling using appropriate and scientifically valid methods are 

essential to reduce the losses due to physical damage as well as insect and microbial 

attacks. Various standardized practices are available to achieve significant economic 

benefits, if adopted appropriately. Similarly, proper storage conditions with suitable 

temperature and humidity control are needed to lengthen the storage life (Sudheer and 

Indira, 2007). 

The primary goal of research on post-harvest technology of F&V is to reduce the 

post-harvest losses in terms of quantity and quality between harvest and consumption. 

Several novel post-harvest technologies developed in recent years have the potential to 

maintain the high quality of produce during subsequent storage at optimal conditions. 

These include dynamic controlled atmosphere (Kader, 2013), ethylene inhibition 

technology (Lurie and Paliyath, 2008), biotechnological approaches (Paliyath et al., 

2008), phospholipase D inhibition (PLD) technology (Paliyath and Subramanian, 2008) 

and active modified atmosphere (Sandhya, 2010). 

Among the different technologies, phospholipase D inhibition technology is an 

innovative technology focusing on inhibition of membrane degradation while other 

technologies are on the regulation of ethylene biosynthesis (Paliyath and Droillard, 1992). 

Phospholipase D is the key enzyme involved in the initiation of membrane deterioration 

that ultimately leads to senescence. Hexanal, a naturally occurring volatile compound and 

generally regarded as safe (GRAS) for food use is a potent inhibitor of phospholipase D 

activity (Paliyath et al., 1999).  
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Problem Statement 

At present, the protocols for the application of hexanal are mainly based on pre-

harvest sprays and post-harvest dips. Pre-harvest application of hexanal has showed 

promising results on extending the shelf life of sweet cherries (Sharma et al., 2010a), bell 

peppers (Cheema et al., 2014), mango (Anusuya et al., 2016), strawberry (El Kayal et al., 

2017) and nectarines (Kumar et al., 2018). Post-harvest dip treatment enhanced the shelf 

life of banana by 6 to 9 days (Song et al., 1996, Yumbya et al., 2018). Despite being 

efficient, the existing modes of delivery do not provide a sustained release of hexanal, 

which is more effective in maintaining produce quality when compared to a single 

application. Such sustained release of hexanal will be useful especially during packaging 

and transport. Fruits undergo various changes during the ripening process such as 

increase in relative humidity, temperature, respiration rate, ethylene synthesis. All these 

processes contribute to ripening and thus reducing the post harvest shelf life (Paliyath 

and Subramanian, 2008). If hexanal could be released in sustainable manner during 

shipping/storage, the shelf-life of F&V can be improved thus loss can be reduced. The 

sustainable release of hexanal can be achieved by entrapping hexanal in polymer matrix. 

The polymer can be chosen according to the changes in the fruit storage condition. 

Hypothesis 

Moisture-sensitive polymers, when exposed to elevated relative humidity, exhibit 

weakened barrier properties due to the plasticization effect of the absorbed water (Lim et 

al., 1998; 1999). The interactive behavior of these polymers is beneficial to provide 

controlled release of volatiles such as hexanal. It is hypothesized that development of 

such packaging of hexanal in biopolymer can help in long-term delivery of hexanal (24-
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48 h) that may provide increased post-harvest storage. In addition to the properties of 

delaying the membrane degradation, hexanal also act as a metabolizable fungicide (Song 

et al., 1996). Hexanal vapor also inhibit the hyphal growth of Penicillium expansum L (Fan 

et al., 2006) and Botrytis cinerea P (Utto et al., 2008) on potato dextrose agar (PDA) 

media. Hence the application of hexanal in the packaging system will not only increase 

the shelf life of fruits but also inhibits the post harvest microbial activity. Successful 

development of this novel active packaging system will benefit the consumers and 

primary producers by improving product quality, due to the enhanced shelf life, this will 

also enable growers to reach long-distance international markets.  

Based on these backgrounds, a hypothesis of the study is framed that the 

encapsulation of hexanal in the electrospun fiber will be an effective packaging material 

to preserve the fruit quality post-harvest. The objectives of my research are as follows: 

1. Development of polymer formulation for encapsulating hexanal and electrospin 

into fibers. 

2. Characterization and standardization of the release pattern of hexanal from the 

fiber as affected by relative humidity similar to the fruit packaging condition. 

3. Application of hexanal encapsulated fiber (HEF) in the fruit storage container and 

analyzing shelf life parameters of fruits in response to the hexanal released from 

the fiber. 
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CHAPTER 2 

Literature review 

2.1 Importance of fruits and vegetable in human health & nutrition 

Historically, fruits and vegetables (F&V) were used to provide variety in diet 

through differences in taste, colour, shape, aroma and texture. Currently, it is considered 

as a strong part of a healthy and balanced diet, because of its high nutrient content, 

dietary fiber, vitamins, minerals, micronutrients and antioxidants (Slavin and Lloyd, 2012). 

Increased consumption of F&V showed negative correlation of chronic diseases such as 

heart disease, cancer, stroke, diabetes, Alzheimer’s disease and age-related function 

(Pem and Jeewon, 2015). The free radicals are scavenged from the body by the 

antioxidants which provides attractive colour to the fruits thus preventing detrimental 

health effects. The fibers in the fruits ferment in the colon and produces short chain fatty 

acids (SCFA) which helps to maintain the gut health (Lattimer and Haub, 2010). Dietary 

phytochemicals delay the oxidation of DNA and affect cellular signal transduction 

pathways controlling the cell proliferation and apoptosis (Liu, 2004). It also helps in the 

calcium absorption thereby preventing osteoporosis by enhancing the bone formation and 

increasing bone strength (New, 2001). The growth of adipose tissues is suppressed due 

to the phytochemicals which is considered as anti-obesity agents. The cholesterol level 

in blood is maintained due to increased consumption of F&V rich in carotenoids (Slavin 

and Lloyd, 2012). Inverse correlation between fruits consumption and coronary heart 

disease was observed with an intake of greater than 4 servings per day (Joshipura et al., 

2001). It was reported that high intake of F&V reduced the risk of cardiovascular disease 

by 20-30% (Liu, 2004). Provitamin A carotenoids aids in maintaining the ocular health 

and certain flavonoids such as quercetin prevent oxidative stress in the pathogenesis of 
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glaucoma (Miyomoto et al., 2014). Since F&V are low in fat and high in dietary fibres, they 

are considered as a great substitute for animal-based food. Per day recommendation of 

F&V by World Health Organization (WHO) and FAO is 400 g, to prevent chronic diseases 

such as heart disease, cancer, diabetes and obesity, and for the prevention and 

alleviation of several micronutrient deficiencies. It is estimated that low fruit and vegetable 

intake contributes to approximately 16 million disability-adjusted life years and 1.7 million 

deaths worldwide (WHO, 2015). 

2.2 Production & loss of fruits and vegetables 

Global fruits and vegetables production have experienced a remarkable increase 

every year, with output growing at an annual rate of about 3.9 % over the last decade 

(Singh et al., 2014). Total vegetable and fruit production in world are estimated to be 486 

million tons and 392 million tons respectively (Singh et al., 2014). It is estimated that 1.3 

billion tons of consumables is lost and wasted every year which translates to 30-40% of 

overall total production and out of this, 40-50% is fruits and vegetables (Gustavsson et 

al., 2011). Hence a huge gap is created between the total per capita productivity and total 

per capita availability. 

2.3 Factors contributing to the loss of fruits & vegetables  

2.3.1. Supply chain management 

Urbanization and the contraction of agriculture sector, dietary transition and 

increased globalization of trade are the important characteristics of post harvest loss due 

to supply chain. (Parfitt Julian et al., 2010). Loss of fruits and vegetables during the supply 

chain is categorized into five stages viz., harvest, post-harvest handling, processing, 
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distribution and consumption. At the harvest stage, the loss occurs due to lack of maturity 

index for some commodities, weather conditions, harvest operations (Kader, 2013) 

The high moisture content and the soft texture of fresh produce make them 

vulnerable to mechanical injury, which results in internal bruising and superficial grazing 

of skin. Quality and quantity degradation of F&V from harvest to consumption is 

considered as the post-harvest loss (Hodges et al., 2011). Poor infrastructure, lack of 

transport system, poor storage condition are primary challenges in the transportation & 

distribution stage of supply chain. In most of the developing countries, transport systems 

suitable for the perishables are not available widely (Subramanian et al., 2014). Physical 

and mechanical injuries occur during these stages lead to heavy losses of fruits and 

vegetables. For the effective long-term storage, there is a necessity to adopt proper 

handling and storage technologies. Storage condition vary according to the variety of 

F&V. Excessive or insufficient heat during processing, improper cold storage temperature 

and undesirable gaseous composition of controlled atmosphere of storage lead to 

physical damage due to tissue break down (Kiaya, 2014). A significant loss of F&V is due 

to the microbial infection. Temperature fluctuation and relative humidity are the main 

cause of microbial proliferation. The most common pathogens causing rots in vegetables 

and fruits are fungi such as Alternaria alternate (Fr.) Keissl., A. citri (Penz.) Mussat, 

Aspergillus niger van Tieghem , A. flavus Link , Cladosporium cladosporioides (Fresen.) 

G.A. de Vries, Fusarium solani (Mart.) Sacc., Geotrichum candidum Link , Phytophthora 

capsica de Bary , Rhizopus stolonifera Vuillemin (Fatima et al., 2009) Botrytis cinerea 

Pers.  (Romanazzi et al., 2016) etc. cause extensive damages. The microbial attack to 

different crops is slow below 5 °C. High temperature increases the rate of respiration in 

https://en.wikipedia.org/wiki/Phillippe_%C3%89douard_L%C3%A9on_van_Tieghem
https://en.wikipedia.org/wiki/Johann_Heinrich_Friedrich_Link
https://en.wikipedia.org/wiki/Mart.
https://en.wikipedia.org/wiki/Pier_Andrea_Saccardo
https://en.wikipedia.org/wiki/Johann_Heinrich_Friedrich_Link
https://en.wikipedia.org/wiki/Heinrich_Anton_de_Bary
https://en.wikipedia.org/wiki/Pers.
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fruits and vegetables which subsequently leads to the breakdown of the inner tissues. 

Decaying of fruits and vegetables is increased by high temperature coupled with high 

relative humidity (Kader, 2013). 

Studies on the magnitude of the loss shows that the loss is high during post-harvest 

handling and marketing in the developing countries, while in developed countries during 

consumption (FAO, 2011).  

2.3.2 Geographical location 

The F&V loss differs according to the level of economic development of the region 

which includes the social and cultural practices. In industrialized/developed countries the 

loss occurs during the harvest stage, sorting and grading because of the quality standards 

set by the retail markets. Shopping habits of affluent consumers who have mindsets to 

throw food and/or buy more food than their families can possibly eat, are a part of the 

problem which leads to failure to consume available food (Hodges et al., 2011) An 

important factor in developed countries is that a large amount of the food produced is not 

eaten but discarded, for reasons such as it was left on the plate after a meal or it passed 

its expiry date. In developing countries, the loss of F&V is high during the processing 

stage (14-21%) compared to the developed region (<2%). Considering all the aspects, it 

is shown that waste by consumers in Europe and North America is almost 10 kg per capita 

a month, compared to consumers in sub-Saharan Africa and South and Southeast Asia 

(Kiaya, 2014) 
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Fig 2.1. Distribution of regional food loss worldwide according to the different stages, 
(FAO, 2011). The image is cleared by creative commons for the use. 

The FAO (2011) reported that value of annual food loss and waste at the global 

level is estimated at US$ 1 trillion. Food loss and waste decrease food availability in the 

market, which in turn increase food prices and reduce the capacity of low-income 

consumers to access food. Also, it is estimated that food waste accounted for 

approximately 4.4 GT of greenhouse gas emissions (CO2 equivalent) annually, making 

food loss and waste the world’s third largest emitter. 

2.4 Existing technologies to minimize the post-harvest losses  

The quality and quantity of the fresh produce with high nutritional value can be 

maintained to certain extent by adopting various post-harvest treatments that are 

currently available. These post-harvest treatments are typically combined with 

appropriate management of storage temperatures. Developing efficient solutions to 
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reduce food loss and waste lies in the recognition of interlinkages among different stages 

of the food supply chain. 

Due to the physiological properties, most fruits and vegetables are considered as 

highly perishable commodities. The choice of the technology depends upon the crop type, 

climatic conditions, affordability and ease of use (Kitinoja & Barrett, 2015).  Increasingly 

attention is being given for the post harvest treatments which have the potential to 

maintain quality during storage for certain fruits and vegetables. 

 Fresh fruits are more susceptible to infection by disease-causing organisms 

because of increased availability of nutrients and fruit softening that occur during the 

ripening process. Respiration of fresh fruits and vegetables can be reduced by 

technologies targeted to modify physiological processes involved in fruit ripening or 

stress. Modified atmosphere packaging (MAP) technology is largely used for minimally 

processed fruits and vegetables including fresh ‘‘ready-to-use’’ fruits and  vegetables 

(Gorny, 2003). Extensive research conducted in this area for many decades indicated 

that O2, CO2 and N2 were most often used gases in MAP (Sandhya, 2010). Reducing the 

concentration of O2 and increasing the concentration of CO2 prolonged the shelf life of 

apples (Phillips, 1996). Higher O2 concentration inhibited the microbial growth in fresh cut 

lettuce stored at 7°C over the period of 6 days storage (López-Gálvez et al., 2015). Such 

enhancement of shelf life was observed in fresh cut vegetables such as sliced carrots 

(Amanatidou et al., 2000), fresh cut watercress (Pinela et al., 2016) and fruits such as 

honeydew melon (Zhang et al., 2013) fresh cut kiwifruit (Rocculi et al., 2005). Modified 

atmosphere (MA) and controlled atmospheres (CA) can be used to supplement the 

maintenance of optimum temperature and relative humidity for preserving quality and 
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reducing post-harvest losses of tropical fruits during transport and storage. MA/CA 

reduces respiration rate, ethylene production and compositional changes associated with 

ripening and incidence of some physiological disorders (Kader, 2003).  

 Ethylene is a plant hormone that regulates plant growth and developmental 

processes as well as ripening and senescence. It is also known as “death” or “ripening 

hormone”. It was during the early part of twentieth century the role of ethylene in fruit 

ripening was established. Deikman et al., (1997) confirmed the role of ethylene in 

controlling the ripening of fruits by analysing the transgenic tomato plant that impaired 

ethylene production. Large loss of horticultural products was recorded due to the effect 

of ethylene on plant senescence (Opiyo and Ying, 2006). The production and continued 

action of ethylene are key factors that determine the shelf life and quality of harvested 

produce. Simplest ethylene management techniques include good storage practices 

(Wills et al., 1999) and controlled atmospheres (Gorny and Kader, 1997).  Anti-ethylene 

treatment uses certain chemical compounds such as silver (Dominguez et al., 1997) and 

ozone (Forney et al., 2003) to reduce ethylene levels. The use of the ethylene receptor 

blocker 1-methylcyclopropene (1-MCP) is one of the technologies available in the market 

(Sisler and Serek, 1997). Application protocols for several commodities had been 

optimized for 1-MCP and successfully employed worldwide. 1-MCP application prevents 

changes due to ethylene in the vegetables and certain fruits. In climacteric fruits, 

application of 1-MCP delays ripening to extend the shelf life of fruits. However the 

application of 1-MCP to prevent the fruit senescence on vegetables and non-climacteric 

fruits is desirable (Paliyath et al., 2009).  
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 Biotechnological approaches are also useful for enhancing the shelf life and quality 

of fruits, vegetables and flowers but the public acceptance of this technology is limited 

(Paliyath et al., 2008). Recombinant DNA technology was used to delay ripening in fruits 

and vegetables to ensure marketing flexibility and ensure high quality produce to 

consumers (Bapat et al., 2010). Ethylene biosynthesis was altered by raising anti-ACO 

gene with the antisense transgenic lines of tomato (Nath et al., 2006). The shelf life of 

transgenic tomato was increased by 120 days (Xiong et al., 2005). Apples showing null 

mutation in MdACS3 gene, exhibited extension of shelf life (Wang et al., 2009). 

 Recently, researches are being conducted on slowing down the membrane 

degradation process of fruits and vegetables thereby enhancing its shelf life. 

Phospholipase D inhibition technology is an innovative method to enhance the shelf life 

of fruits by slowing down the membrane degradation using a biologically active volatile 

molecule, hexanal. The deterioration of the membrane is a part of the development of the 

organoleptic quality of the fruits during ripening. However, uncontrolled progression of 

degradation can reduce the shelf life of fruits, vegetables and flowers. Hexanal is a potent 

inhibitor of PLD activity. Hexanal treatment showed promising results in enhancing shelf 

life of several fruits such as apple, cherry, peach, strawberry as well as vegetables such 

as broccoli, tomato and several fresh-cut vegetables, and flowers such as carnation and 

rose (Paliyath and Subramanian, 2008).  

2.5 Phospholipase D inhibition technology 

 Phospholipase D inhibition technology is focussed for its advantages over other 

treatments as it does not impair color and flavour development while delaying senescence 

(Kondo et al., 2005; Cliff et al., 2009). Fruits go through various developmental stage until 
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ripening and proceed through senescence. During ripening, fruits develop its organoleptic 

qualities and over-ripening causes fruit deterioration ultimately leading to senescence. 

The inherent features of these developmental stages include the degradation of cell wall 

and plasma membrane. At ultrastructural level these changes lead to the loss of 

compartmentalization of ions and metabolites resulting in homeostasis (Paliyath et al., 

2009). Maintenance of homeostasis is achieved by regulation of cell membrane which is 

the active site for senescence-dependent changes (Paliyath et al., 2003) The essential 

feature of senescence is the degradation of lipids. The major class of lipids found in the 

plasma membrane are phospholipids, sterols and ceramide monohexosides. Enzymatic 

degradation of phospholipids produces phosphatidic acid, diacylglycerols, free fatty acids 

and oxidation products. Their accumulation alters the biophysical properties such as 

increase in phase transition temperature, microviscosity and formation of non-bilayer lipid 

structures (Thompson et al., 1987). 

Membrane lipid degradation and signal transduction occur in response to 

hormones and external stimuli (Paliyath and Droillard, 1992). The phospholipid 

catabolism involves sequential action of enzymes such as phospholipase D, 

phosphotidate phosphatase, lipolytic acyl hydrolase (LAH) and lipoxygenase.  Among 

these, PLD is considered as the key enzymes as it regulates the sequence of enzyme 

reaction and the flow of metabolites through the catabolic pathways. Hence controlling 

the PLD action is critical to increase the shelf life and quality of fruits and vegetables 

(Paliyath et al., 2009). 

By two-step pig-pong mechanism, the two HKD motifs which are active sites of 

PLD, hydrolyze phospholipid generating a phosphatidate PLD intermediate (Koonin, 
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1996). In the presence of water or primary alcohol, this intermediate complex produces 

phosphatidic acid or phosphatidyl-alcohol, respectively, resulting in the accumulation of 

neutral lipids and lead to destabilization of membrane. Other factors that can stimulate 

the activity of PLD are low pH and calcium ions. Inhibiting the activity of PLD results in 

controlling the activity of other enzymes with the intermediates, thereby preventing the 

accumulation of neutral lipids and destabilization of membrane (Paliyath and Droillard, 

1992).  Paliyath et al., (1999) observed that a primary alcohol such as hexanol and an 

aldehyde such as hexanal are potent inhibitors of PLD activity.  

2.6 Phospholipase D inhibition by hexanal  

Hexanal is produced by plants naturally during wounding process and is generally 

regarded as safe (GRAS) compound (Paliyath et al., 2009). Hexanal lacks hydroxyl group 

and it interrupts the complete hydrolysis of substrate-enzyme intermediate. Replacing 

water with the primary alcohol can arrest the hydrolysis reaction, thereby the enzyme 

reacts with the primary alcohol. Phosphatidyl alcohol is formed as a result of coupling 

phosphatidic acid with the primary alcohol and this reaction is called as 

transphosphatidylation. PLD inhibition technologies for the post-harvest preservation of 

fruits and vegetables (US Patent # 7,198,811) were developed based on this property 

(Paliyath et al., 1999). Paliyath et al., (2003) reported hexanol and hexanal inhibited the 

soluble and membrane associated forms of PLD. Hence these compounds are 

considered as the potent inhibitors of PLD.  

2.7 Chemistry of hexanal  

Hexanal also called as hexaldehyde/ caproaldehyde/ hexylaldehyde is a six carbon 

aldehyde with chemical formula CH₃(CH₂)₄CHO. Six carbon aldehydes with or without 
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double bonds are dominant compounds released by plant material through the 

lipoxygenase pathway after tissue damage (Vick and Zimmerman, 1987). They are also 

important precursors for the formation of C6 alcohols and C6 esters which are among the 

most abundant volatile compounds in apple, pears and bananas and contribute to typical 

fruity odors (Paillard, 1990). Six carbon volatile including the aldehydes trans-2-hexenal, 

hexanal and cis-3-hexenal as well as their corresponding alcohols are produced from 

damaged or wounded plant tissue as a product of enzymatic activity of 

hydroperoxidelyase, a component of lipoxygenase pathway (Bate and Rothstein, 1998). 

Hexanal is an alkyl aldehyde with the molecular weight 100.1589 g/mol. The boiling 

point and melting points of hexanal are 130-1310 C and -560 C and respectively. The 

constant pressure heat capacity of hexanal is 210.4 J/mol K at 28.5 K (Vasil’ev, 1991). 

The reduced pressure boiling point at a pressure of 0.016 bar is 301.2K (Weast and 

Grasselli, 1989). The vapor pressure is 11.26mm Hg at 250 C making them highly volatile 

in nature. Hexanal is highly hydrophobic and are very soluble in ethanol, ethyl ether.  

2.8 Enhancing shelf life of fruits using hexanal 

 Hexanal is a highly volatile compound and to increase its absorption by fruits, it is 

applied in the form of an emulsion (Sharma et al., 2010a). It is applied in various forms 

including preharvest spray, post harvest dip or vapour treatment.  

Preharvest application of hexanal enhanced the shelf life of sweet cherry (Sharma 

et al., 2010a), green house tomato (Cheema et al., 2014), guava (Gill et al., 2016), mango 

(Anusuya et al., 2016), strawberry (W. El Kayal et al., 2017), papaya (Debysingh et al., 

2018) nectarines (Kumar et al., 2018) and banana (Yumbya et al., 2018), sweet oranges 

(Mwatawala et al., 2018), haskap (MacKenzie et al., 2018). In addition to extending the 

http://en.wikipedia.org/wiki/Alkyl
http://en.wikipedia.org/wiki/Aldehyde
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post harvest life, hexanal application as a preharvest spray on mango (Anusuya et al., 

2016) and banana (Yumbya et al., 2018) retained fruits on tree for a significant period of 

time. 

Post harvest dip application of hexanal on fruits enhanced the shelf life, quality and 

freshness of Cortland apple (Paliyath and Subramanian, 2008), guava (Gill et al., 2016), 

mango (Preethi et al., 2018), citrus (Mwatawala et al., 2018), banana (Yumbya et al., 

2018, Kanmani, 2018), papaya (Debysingh et al., 2018). Similarly exposing fruits to 

hexanal vapor enhanced the post harvest quality of sweet cherry (Sharma et al., 2010a), 

guava (Gill et al., 2016) strawberry (W. El Kayal et al., 2017) and sweet bell peppers 

(Cheema et al., 2018). The effects of several trials on different produce are shown in the 

table (adapted from Paliyath and Subramanian, 2008) 

Commodity 

Treatment - 

preharvest 

 

Treatment - 

postharvest spray 

spray or dip 

Effects 

Apple (Gala) 

 

Hexanal 

formulation—2% 

v/v 

 

Not attempted; air 

storage, 

40C 

 

Delayed ripening, 

increased firmness, 

slightly reduced 

Color 

Apple (Delicious) 

Hexanal 

compositions— 

1%, 2% v/v 

Not attempted; air 

storage, 

40C 

Increased firmness, 

reduced incidence of 

superficial scald 

Apple (IdaRed) 

 

Hexanal 

compositions— 

1%, 2% v/v 

Not attempted 

 

Reduced fruit drop 

 

Apple (Cortland) 

 
Not attempted 

Hexanal 

composition 

Reduction in 

superficial scald 
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1% v/v; air 

storage, 40C 

 

Banana 

(postharvest 

dip) 

 

Not attempted 

Hexanal 

compositions 

1%, 2%, 3% 

v/v; air storage 

Enhanced shelf life, 

quality 

 

Cherry (Bing) 

 

 

Hexanal 

compositions1%, 

2% 

v/v 

 

Not imposed; air 

storage, 

40C 

Increased firmness, 

retention of red 

color/texture and 

sweetness and 

delayed ripening 

Cherry (Hedel) 

 

Hexanal 

composition—1% 

Not imposed; air 

storage, 

40C 

Increased firmness, 

increased 

red color, increased 

texture 

and sweetness 

Wine grapes, pinot 

noir, merlot, 

cabernet franc, 

chardonnay 

Hexanal 

composition—1% 
Not imposed 

Increased 

brightness, juice 

yield and reduced 

pathogen infection. 

Table grape 

(Vanessa) 

Hexanal 

composition—1% 

Not imposed; air 

storage 4◦C 

 

Increased brightness 

 

Peach (Redhaven) 

 

 

Hexanal 

composition 1% 

 

Not attempted; air 

storage 4◦C 

 

Increased firmness, 

red color, texture 

and sweetness 

Pear (Anjou) 

 

Hexanal 

composition—1% 

Not attempted; air 

storage 40C 

 

Increased firmness, 

texture and 

sweetness 
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Strawberry 

 

Hexanal 

composition 1% 

Not attempted; air 

storage 40C 

 

Increased shelf life, 

enhanced 

quality and 

freshness 

 

Strawberry 

 

Not attempted 

Hexanal vapor 

(0.01–0.05% w/w); 

air 

storage, 40C 

 

Increased shelf life, 

enhanced 

quality and 

freshness, 

reduced pathogens 

 

Apples (fresh cut) 

 

Not attempted 

Hexanal 

composition 

1%; air storage 4◦C 

 

Increased shelf life, 

enhanced 

quality and 

freshness 

 

Broccoli 

 

Not attempted 

Hexanal vapor 

(0.01–0.05% w/w); 

air 

storage, 40C 

Enhanced shelf life, 

reduced 

yellowing 

Tomato (mature 

green stage, 

postharvest dip) 

Not attempted 

 

Hexanal 

compositions 1%, 

2%, 3%; air storage, 

120C 

Shelf life extended to 

nearly 2 months, 

increased firmness 

of 

ripe fruits 

Fresh-cut 

vegetables 

(carrots, celery, 

cauliflower, 

cucumber, etc.) 

Not attempted 

Hexanal 

composition 1%; air 

storage, 40C 

 

Improved shelf life 

and quality 
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2.9 Hexanal as antimicrobial agent 

Natural antifungal volatiles examined for commercial applicability include C6 -

aldehydes such as hexanal and trans-2-hexenal (Hamilton-Kemp et al., 1992). The 

antimicrobial activity against spoilage microbial species by hexanal and 2-(E)-hexenal 

was tested in model as well as in real systems (Gardini et al., 2002; Kubo and Fujita, 

2001). The effectiveness of hexanal as a metabolizable fungicide and the enhancement 

of the aroma production by the interconversion to other aroma volatiles in minimally 

processed apples was evidenced by Song et al., (1996, 1997). Moreover, as shown by 

Lanciotti et al. (1999), the addition of hexanal at levels not exceeding 100 ppm in the 

storage atmosphere of fresh sliced apples had an important effect on their quality. 

Hexanal positively affected the shelf life by reducing the growth rate of naturally occurring 

microbial population during storage at 4 and 15°C. Inclusion of hexanal in combination 

with 2-(E)-hexenal in the atmosphere of fresh sliced apples resulted a significant 

extension of shelf life (Corbo et al., 2000). Among the lipoxygenase pathway products, 2-

(E)-hexenal had a weak negative effect on color retention while hexanal had a positive 

role also under abused storage conditions. In addition to their activity on shelf-life in terms 

of color retention and control of spoilage microflora, hexanal, 2-(E)-hexenal, as well as 

hexyl acetate, exhibited a significant inhibitory effect against pathogenic microorganisms. 

The characteristic features such as effectiveness at low levels, the natural occurrence in 

several fruits and edible vegetables and the possibility of using in unregulated doses as 

flavoring agents, makes hexanal, 2-(E)-hexenal and hexyl acetate as good candidates as 

antimicrobial agents to improve the safety of minimally processed fruits (Lanciotti et al., 

2004). Hexanal is considered as a natural alternative to prevent bacterial or fungal growth 

(Gardini et al., 1997) along with extending the shelf life of fruits (Paliyath et al., 2009) 
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Seedless table grapes (Vitis vinifera L.) cv. Crimson seedless was exposed to (E)-

2-hexenal vapor during cold storage to determine its potential as a fumigant for long-term 

control of post-harvest mold. Fumigation did not affect fruit’s firmness, soluble solids 

content and O2/CO2 concentrations stored within the containers. Post-harvest fumigation 

of seedless table grapes with the natural volatile compound (E)-2-hexenal showed 

promise for control of mold (Archbold et al., 1999). 

Controlled release of hexanal in the headspace packaging for tomatoes prolonged 

its storage life and decreased the rot caused by Botrytis cinera. Continuous hexanal 

exposure effectively suppressed grey mold with the minimum inhibitory concentration 

(MIC) while the single-dose treatment showed minimal antifungal activity. During 

continuous exposure at the MIC, fruit respiration rate was increased, and color 

development was delayed (Utto et al., 2008). 

Brown rot caused by Monilinia spp is one of the most common peach diseases 

and the main cause of post-harvest losses. The effect of hexanal on the in vitro 

development of M. fructicola and M. laxa Honey (Baggio et al., 2014) and on monocyclic 

components of brown rot on peaches was investigated. Hexanal did not prevent pathogen 

infection, but reduced lesion diameter and completely inhibited spore production on the 

fruit for both treatments.  

On the other hand, the most common post harvest disease in mango are 

anthracnose and stem-end rot caused by Colletotrichum gloeosporioides (Stoneman) 

Spauld & H. Schrenk and Lasiodiplodia theobromae (Pat.) Griffon & Maubl (Anusha et 

al., 2016). The application of hexanal distorted the mycelial strands and malformation of 
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spores of both these pathogens. These studies suggest that hexanal is a promising 

alternative for chemical and can be used in post-harvest handling systems. 

2.10. Strategy of application of hexanal  

Hexanal is a component with GRAS status. Its volatile nature is the advantage 

over other PLD inhibitors as it can be applied as single treatment or in combination as 

preharvest spray as in the EFF or can be dipped or exposed to hexanal vapour like the 

application of 1-MCP (AgroFresh Inc. PA, United States). The composition of EFF used 

in preharvest spray and post harvest dips are given below. 

Enhanced freshness formulation 1 (Paliyath et al., 2003) 

S.No Composition Volume (mL) 

1 Hexanal 10 

2 95% Ethanol 100 

3 Tween 20 100 

 

Enhanced freshness formulation 2 (Paliyath and Murr, 2007) 

S.No Composition Volume (mL) 

1 Hexanal 10 

2 95% Ethanol 100 

3 Tween 20 100 

4 Geraniol 10 

5 α Tocopherol 10g 
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In this hexanal formulation, hexanal is the active ingredient. In addition to the 

phospholipase D inhibition activity, addition of antioxidants such as geraniol and 

tocopherol, reduces phospholipid degradation and downstream oxidative process 

(Paliyath and Subramanian, 2008). The solution should be constantly stirred during 

preparation to obtain a homogenous phase that can be stored in dark environment. 

During the time of application, it is diluted and applied as preharvest spray or post harvest 

dip. For the vapour treatment, pure hexanal is used directly in closed environment. The 

application of hexanal in fruit packaging is challenging due to its volatile nature and 

susceptibility to oxidative degradation. Therefore, controlled release of hexanal is needed 

such as by using nanotechnological aspects. 

2.11. Application of nanotechnology in packaging 

The principal functions of conventional packaging includes containment, 

convenience, protection, preservation, marketing and communication, which can 

improved by the introduction of nanotechnology (Vanderroost et al., 2014). In 1999, a 

formal definition of nanotechnology reported by Interagency Working Group on 

Nanoscience, Engineering, and Technology was “Nanotechnology is concerned with 

materials and systems whose structures and components exhibit novel and significantly 

improved physical, chemical and biological properties, phenomena and processes 

because of their small nanoscale (1-100 nm) size”. The application of nanotechnology in 

agri-food system is based on its potential to increase food production globally, quality and 

safety of food (Mousavi and Rezaei, 2011).  Increased attention is given to the nanofood 

additives, bioavailability of micronutrients, delivery system for bioactive components and 

innovative food nanotechnology-based packaging (Chaudhry et al., 2008). The three key 
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areas of nanopackaging includes improved packaging, biodegradable nanocomposite 

packaging, active and intelligent packaging (Handford et al., 2014). Improved packaging 

uses nanomaterials, due to its advanced mechanical, thermal and barrier properties 

which improved the performance of polymers used in the food packaging (Silvestre et al., 

2011). Increased number of active sites for interaction reduces the environmental issues 

by its improvement in biodegradability, barrier shielding to gases and light, reduced CO2 

emission of the nanocomposites (Silvestre and Cimmino, 2013). The potential application 

of nanotechnology in intelligent food packaging includes interaction with environment, 

communication to consumers about the ripening/deterioration stage and self-cleaning. On 

the other hand, active packaging focus on shelf life extension, oxygen scavenging 

antimicrobial property and so on (Rhim et al., 2013).  

Nanotechnology is an emerging field with wide scope in food packaging technique, 

It increases the shelf life of foods, minimizes the spoilage, ensures food safety, repairs 

tears in packaging, reduces problem of food shortage and finally improves the health of 

the people. Nanotechnology involves the characterization, fabrication, and manipulation 

of structures, devices or materials that have at least one dimension having 1-100 nm. 

Over 400 companies in the world are developing nanotechnology for its application in 

food and food packaging (Nobile et al., 2008). Nanotechnology has been utilized to detect 

bacteria in packaging as well as to produce stronger flavor, color quality, and safety for 

increasing the barrier properties (Placket et al., 2007). 

Silvestre et al. (2011) and Duncan et al. (2011) categorised the nano food 

packaging as follows: 
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• Nanomaterials mixed with the polymer matrix to improve the gas barrier properties, 

as well as temperature and humidity resistance of the packaging; 

• Nanocomposites use in active food packaging helps in the controlled release of 

active substances from the food packaging materials. Small pouches or sachets 

placed inside a sealed package act as a desiccant, corrosion inhibitor or oxygen 

scavenger are examples for active packaging. Nanocomposites which are being 

used or proposed for use in active packaging include polymer composites with 

antimicrobial nanomaterials, e.g. silver, zinc oxide, magnesium oxide. This kind of 

packaging is intended to enhance the condition of the packed food, extend shelf-

life, or improve sensory properties while maintaining the freshness and quality of 

food (Chaudhry et al., 2008, Bott et al., 2014, Dainelli et al., 2008, Kuorwel et al., 

2015). One of the most well-known examples of a nanocomposite currently used 

in active food packaging is nanosilver in plastics which confers antimicrobial 

properties to improve food and beverage shelf-life (de Azeredo et al., 2013, 

Emamifar et al., 2010, Fortunati et al., 2013, Llorens et al., 2012, Valipoor et al., 

2013). 

• Intelligent packaging is designed for sensing biochemical or microbial changes in 

the food, for example detecting specific pathogens developing in the food, or 

specific gases from food spoiling. Some intelligent packaging has also been 

developed to be used as a tracking device for food safety or to avoid counterfeit 

products. Materials for intelligent food packaging, e.g. nanosensors, biosensors, 

labels (APVMA 2014, Chaudhry et al., 2008, Dainelli et al.,2008, Duncan 2011, 

Han et al., 2011, Munro et al., 2009). The purpose of these embedded sensors is 
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to signal the condition of food by detecting food pathogens and triggering a colour 

change in the packaging to alert the consumer about contamination or spoilage. A 

potential example of this is BioSiliconTM from Sivida, Australia. This is a 

nanostructured silicon with nanopores for smart packaging applications, e.g., to 

detect pathogens in food, for food tracing, food preservation and detection of 

variations of temperature during food storage. 

2.12. Electrospinning and its advantage in fruit packaging 

Since 1930, the polymeric materials are used in packaging due to their mechanical, 

physical and chemical characteristics (Silvestre and Cimmino, 2013). The application of 

nanotechnology in the food packaging recently concentrates on nanofibers which is 

composed of synthetic polymers, organic polymers or biopolymers. The advantage of 

using nanofibers is that it generates strengthened protection along with enhancing the 

produce shelf life (García et al., 2010). Among the different techniques in the development 

of these nanomaterials, electrospinning is the most reliable technique as it offers various 

advantage over other techniques like drawing, phase separation, self assembly and 

template synthesis (Moreira et al., 2018). It is based on the application of high-voltage in 

polymer solution which aids in the formation of nanofibers by the electrostatic repulsion 

of charges (Ramakrishna et al., 2005). 

Packaging is an important aspect in supply chain management due to its role in 

providing barrier between food and environment. It protects products from microbial 

infections and physical factors like gas exchange, humidity, heat transfer and light 

transmission (Moreira et al., 2018). New materials are developed to reduce the cost, and 
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provide sustainability, environment friendly packaging like active and intelligent 

packaging (Fellows, 2006). 

The basic features of packaging are containment, protection, communication, 

machinability and convenience (Fellow, 2006). In intelligent packaging, the quality of the 

product is communicated to the consumers using sensors in the packaging while active 

packaging focuses on protecting and preserving (Moreira et al., 2018, Mihindukulasuriya 

and Lim, 2013). 

One form of active packaging, bioactive compound is encapsulated in a polymer 

which are then allowed to diffuse into the product to maintain the quality of the fresh 

produce or to inhibit the proliferation of microorganisms during storage. The controlled 

release of active substances from these structures was mainly based on concentration-

dependent passive diffusion. The large surface area and nano-scale diameter of the 

electrospun fiber makes it more sensitive to the changes in the physical condition of the 

environment like relative humidity, temperature etc, compared to the films and sheets. In 

addition, the availability of larger surface area in the electrospun fibers provide more 

benefits in responding to changes in the environment like relative humidity and 

temperature, compared to films and sheet. Encapsulation of bioactive compounds in the 

fiber has been a subject of active research in the new millennium. For example, poly(lactic 

acid) (PLA) fibers were used to encapsulated silver nanoparticles (Placket et al., 2007), 

poly(lactide-co-glycolide), PLA and poly(ethylene-o-vinyl acetate) fibers were studied for 

their use in the incorporation and release of various drugs (Kenawy, 2002). 

Electrospun fibers as packaging material is mainly targeted to maintain the 

freshness of the food for an extended period of time. The advantage of electrospinning 
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for such applications lies in the relative ease of encapsulating active agents within the 

fiber and the process which forms a coating of nonwoven fibrous mat. High surface area 

of the fibers due to its small diameter also allows quick response to its surrounding 

conditions with timely release of active agents. Further the microsized pore size between 

the interconnected fibers also acts as a physical barrier against bacteria entry.  

Chaudhary et al., (2014) used electrospun polyacrylonitrile-silver composite filter 

media to cover a nutrient media in room condition and passes ambient air through the 

filter media. When compared to the negative control, the nutrient media protected by the 

nanofibrous filter remained free of bacteria growth for more than two months while the 

unprotected nutrient media showed microorganism growth.  

Electrospun fibers made of carboxymethyl chitosan (CMCS) and PEO exhibit good 

antibacterial property against Escherichia coli (Mig) and Staphylococcus aureus 

(Rosenbach) (Yue et al., 2018). The electrospun CMCS membrane was able to reduce 

water loss while exhibiting adequate air permeability to maintain fruit freshness in 

strawberry. After six days of storage at ambient temperature, only the strawberries 

covered with electrospun CMCS membrane maintained good outer appearance without 

any rot. Both unprotected control and strawberries wrapped with commercial cling wrap 

showed various degrees of rotting. Strawberries with CMCS coating on their surface 

suffered from browning and severe shrinkage but without any rotting. The release of 

active agents may also be triggered by environmental stimuli.  

The bioactivity of pleurocidin (PLE) was preserved by encapsulating it in PVA 

nanofibers. The impregnation of PLE in the nanofibers has the potential to inhibit the food 

pathogens (S. aureus and E.coli) and prolong the shelf life (Wang et al., 2015).    
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Liu (2016) used the moisture released by fresh tomatoes as trigger mechanism to 

release thymol encapsulated in electrospun mats. Polyvinyl alcohol (PVA) is hydrophilic 

polymer used for encapsulating thymol. Encapsulation of volatile compound like thymol 

get evaporated during electrospinning and the remaining concentration should be 

determined post-electrospinning to understand the concentration of loaded volatile. The 

result showed the increased release of thymol when the mat was placed in higher 

humidity environment. Their study successfully showed that the shelf life of fresh 

tomatoes can be extended by at least 5 days. 

Thus, it is possible to encapsulate the bioactive volatile compound, hexanal, in the 

fiber by electrospinning process. This hexanal impregnated fiber, when applied in fruit 

packaging, can extend the shelf life of fruits and maintain its quality attributes by releasing 

hexanal from the fiber triggered by increase in the moisture content due to the respiration 

of fruits.  
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CHAPTER 3 

Fabrication and characterization of electrospun fiber encapsulating hexanal  

Hexanal role and its mechanism in extending the shelf life of fruits was detailed in 

Chapter 2. This chapter explains the choice and preparation of polymer solution for 

encapsulating hexanal into a fiber, as well as reports the characteristics of the developed 

non-woven. 

3.1 Introduction 

 Horticulture produce such as fruits and vegetables (F&V) are highly perishable due 

to its continuous metabolic activity such as respiration and transpiration after harvest 

(Falagán and Terry, 2018). Loss of fresh fruits and vegetables can occur anytime in the 

food supply chain (FSC) depending upon various factors (Parfitt et al., 2010).  It is 

necessary to maintain the quality and quantity of F&V after harvest by applying optimal 

post harvest treatment. Globally, the growing concern is the availability of nutrient rich 

food and researches are being focussed on enhancing the shelf life of F&V. Most of the 

existing post harvest techniques are based on the regulation and inhibition of ethylene, 

which is a “ripening hormone”, to enhance the post harvest life of the fruits and vegetables 

(Golden et al., 2014). Recently other technologies that target membrane preservation 

have getting more attention. As detailed in Chapter 2, the recent innovation in preserving 

the quality of fruits is by phospholipase D inhibition technology using hexanal. 

Phospholipase D (PLD) is the key enzyme to initiate a series of metabolic reactions during 

fruit ripening and senescence, starting from the breakdown of phospho-lipid layers in the 

cell membrane. Inhibiting the activity of PLD slows down the ripening process thereby 

enhancing the shelf life of F&V (Paliyath and Droillard, 1992).  Hexanal, is identified as a 
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potent inhibitor of PLD activity due to its lack of hydroxyl group (Paliyath et al., 2003). 

Hexanal is highly volatile compound, it is formulated in the form of Enhanced Freshness 

Formulation (EFF) (Paliyath and Murr, 2007). The formulated solution can be applied 

either as preharvest spray or postharvest dip, vapor or in combination. Shelf life of fruits 

such as Cortland apple (Paliyath and Subramanian, 2008), sweet cherry (Sharma et al., 

2010a), green house tomato (Cheema et al., 2014), guava (Gill et al., 2016), sweet 

peppers (Cheema et al., 2018), mango (Anusuya et al., 2016, Preethi et al., 2018), 

papaya (Debysingh et al., 2018), nectarines (Kumar et al., 2018) and banana (Yumbya 

et al., 2018) was enhanced by using this formulation. Further, the application of hexanal 

in fruit packaging could add benefit as it can extend the shelf life of fruits during storage 

and transportation.  

 Packaging is an important aspect in the supply chain management to reduce the 

post harvest losses of F&V. Recently, nanotechnology based methods are being adopted 

in the packaging materials to enhance their barrier and mechanical properties (Sharma 

et al., 2017). Controlled release of preservatives/antimicrobial compounds in the packing 

environment can be achieved by encapsulating them in optimal  carrier-matrices target 

compound (Mihindukulasuriya and Lim, 2014). Considering its susceptibility to oxidation 

and volatility, encapsulation of hexanal will be important to sustain release and application 

in packaging application. It is hypothesized that by encapsulating hexanal in a fiber can 

sustain its release. In that way, application of hexanal can be introduced into fruit 

packaging to enhance the shelf life of fruits. 
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3.2. Electrospinning technique  

Electrospinning is a versatile nanotechnological approach used in active 

packaging to enhance the shelf life of F&V through oxygen and ethylene scavenging 

(Busolo and Lagaron, 2012) and activated release of bioactive compounds volatile 

organic compounds (Aytac et al., 2017; Jash et al., 2018, Jash and Lim, 2018). The 

process includes the application of electric field to the polymer solution or polymer melts 

in a nozzle tip, thus forming a droplet. When the strength of electric field is increased, 

electric charge is accumulated on the surface of the droplet. This leads to the increase in 

electrostatic repulsion accumulation against surface tension of polymer solution at the tip, 

thereby producing an elongated droplet, known as “Taylor cone”. During this process, the 

excess electrical charges causes jetting of the polymer solution, whipping, bending and 

elongation of jet thereby depositing polymer nanofibers on the collector which is ground 

(Wen et al., 2017). The simple setup of the electrospinning unit is illustrated in Fig 1. 
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Fig 3.1. Schematic representation of a typical single needle electrospinning setup   

High voltage 

electrode 
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The polymer fibers produced by electrospinning process are at a range of sub-

micron to nano-scale. The advantage of this technique is its simplicity and adaptability 

(Subbiah et al., 2005). Major application of electrospinning technique in food packaging 

is to enhance the quality and safety of food using functionalized nanofiber (Zhang et al., 

2019). 

3.2.1. Application of electrospun fiber to extend the shelf life of fruits 

 Electrospun fibers show high surface reactivity due to its increased surface area 

to volume ratio. Due to its structural and size variations, these fibers sustain and preserve 

the bioactive compounds from the environment (Liu et al., 2019). The encapsulation of 

target compounds, drug delivery, activated release are most prevalent in tissue 

engineering, drug delivery, filtration, wound dressing (Anu Bhushani and 

Anandharamakrishnan, 2014; Liu et al., 2017). Its application in active packaging system 

is recent.  

Thymol, a volatile anti-microbial compound was encapsulated into fiber from the 

polymer solution poly(lactide-co-glycolide). It was tested on strawberries for its 

antibacterial property and fruit preservation. The result showed that the shelf life of 

strawberry was extended along with the inhibition of bacterial, fungi and yeast growth 

(Zhang et al., 2019). Chitosan is a polysaccharide compound which is non-toxic, 

degradable, biocompatible and versatile. Its application was limited due to its poor 

mechanical property and water resistance limit. Application of chitosan nanocomposites 

fiber prepared using polylactic acid and carbon nanotubes (CNT) delayed the 

physiological activity of strawberry and extended its shelf life (Liu et al., 2019). Tea 

polyphenols incorporated into the pullulan-carboxymethylcellulose sodium solution was 
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electrospun to nanofiber and its application on strawberry showed improvement in the 

quality of fruit during storage, weight loss was decreased and the firmness was 

maintained (Shao et al., 2018). In another study, food packaging potential of fiber 

prepared from the rose hip seed oil (REO) encapsulated in zein prolamines (ZP) was 

evaluated using peeled and cut fruits of banana and cumquats.  As a result, a superficial 

packaging route for improvement in sustainability of food and waste reduction was 

demonstrated (Yao et al., 2016).  

3.2.2 Controlled release of bioactive compounds from electrospun fibers  

 The important characteristics of the food grade polymers used in the packaging re 

biodegradability, biocompatibility and sustainability (Ghorani and Tucker, 2015). For food 

packaging, most of the polymers chosen are either water- or ethanol- soluble thus 

avoiding the use of toxic solvents. Electrospun fibers are responsive to the changes in 

packaging environmental conditions like relative humidity, temperature etc. which can be 

exploited to trigger the release of bioactive compounds (Vega-Lugo and Lim, 2009a). 

Some of the controlled release of bioactive compounds encapsulated in polymers are 

discussed below: 

• Bioactive volatile compounds, such as hexanal and benzaldehyde can preserve 

the quality of fruits and vegetable after harvest. Their application is limited due to 

their volatile nature and susceptible to oxidative degradation. Their release 

behaviour can be controlled by embedding in electrospun fibre and the release of 

the volatiles can be triggered via acid- catalysed hydrolysis (Jash et al., 2018). 

• Alginate and pectin are pH sensitive biopolymers for encapsulating various 

compounds. Alborzi et al. (2014) studied the release kinetics of folic acid from the 
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ultrafine sodium alginate-pectin-PEO electrospun fiber under in vitro condition. The 

release of folic acid from the fiber increased from 64% to 97 % as the pH increased 

from 1.2 to 7.8. 

• Limonene is volatile compound known for its antimicrobial property. Its release was 

controlled by dispersing in the biopolymeric emulsion prepared from pullulan-β-

cyclodextrin complex and electrospun into fiber. Increasing relative humidity  

activates the release of limonene showing that the complex fiber is promising for 

active packaging. (Fuenmayora et al., 2013).  

• Moisture- triggered release of allyl isothiocyanate was achieved by encapsulating 

it in soy protein isolate and PEO blend and PLA. The release was facilitated by 

increased relative humidity (Vega-Lugo and Lim, 2009a). 

The aforementioned studies focused on encapsulating the bioactives in fiber carriers 

for controlling their release. Based on these findings, it is possible that hexanal can be 

encapsulated in electrospun fiber to control its release. Hence the objective of this study 

is to develop a polymer formulation to encapsulate hexanal in the fiber and characterize 

its morphology, interaction behaviour and release profiles. 

In order to choose the polymer to encapsulate hexanal, a better understanding on the 

changes in the headspace of the packaging is needed. Therefore, a preliminary study 

was conducted to understand the change in the packaging environment. 
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3.3 Parameters to encapsulate hexanal in fiber  

3.3.1. Change in the headspace of fruit packaging 

To understand the change in the headspace of fruit packaging environment, 

studies were conducted using plums and pears as model fruits. Fruits were stored in 

closed containers and a sensor (PASCO sensor, PS-2124A, PASCO scientific, Roseville, 

CA) which can measure the relative humidity, temperature and dewpoint was placed 

inside. Using the Sparkvue software, the changes were measured and found that the 

relative humidity increased and stabilized depending upon the model fruit while there was 

temperature fluctuation observed according to the storage condition. Hence relative 

humidity was chosen as a parameter to chose polymer to encapsulate hexanal. The data 

obtained from the software indicates that the relative humidity inside the packaging 

container increased gradually and stabilized at approximately 96%. Stabilization of 

relative humidity occurred between 2.5 to 3.5 h.  
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Fig 3.2 a and b. Changes in the relative humidity of the fruit packaging environment 
measured by keeping pasco sensor in the fruit storage container of stone fruit (plums) 
and pears. The x-axis shows the time points in seconds against measuring relative 
humidity (y axis) in terms of percentage 
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3.3.2. Polymer for the controlled release of hexanal  

Surface modification of the volatile compound with the polymers that are 

responsive to external stimuli aids in the application of activated fruit packaging. Studies 

were conducted to select the polymer that can encapsulate hexanal and regulate its 

release based on the responsive stimuli being relative humidity in the confined 

environment as shown in section 3.3.1. Different polymers like poly(ethylene glycol), 

polyvinyl alcohol, poly(ethylene oxide) and biopolymers, nanocomposites were tried to 

encapsulate hexanal and is shown in annexure 1A to 1G. The proper fiber formation was 

achieved when the polymers zein and PEO was chosen. Further results are based on 

these  

3.3.2.1 Zein/Polyethylene oxide (PEO) 

 Zein, the prolamine of corn is a biodegradable and biocompatible polymer with 

generally regarded as safe (GRAS) status (Paliwal and Palakurthi, 2014). The amphiphilic 

character of zein helps in the formation of effective protective entrapment of the active 

compounds (Padua and Guardiola, 2015). Encapsulation of hexanal in multipolymer 

helps in achieving its control release. Hence, surface modification of zein was carried out 

with PEO to encapsulate hexanal in fiber. Rate of diffusion of hexanal from the fiber can 

be controlled by the use of high barrier material while preparing the polymer solution. To 

achieve this, the concentration of zein in the polymer solution varied from 1 to 15% while 

the different molecular weights of PEO such as 100 kDa, 300 kDa and 900 kDa was used 

(Annexure 1E, 1F, 1G). The final polymer solution to encapsulate hexanal was prepared 

from zein and PEO with molecular weight 300kDa. The development of fiber and 

preparation of polymer solution is explained below.  
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3.4. Methodology 

3.4.1. Preparation of spin dope solutions for electrospinning: 

(i) Zein solution: 

Zein solution was prepared by dissolving zein powder slowly in 95% ethanol 

(1:10 w/w) and was constantly stirred at room temperature for 6 h to obtain 10% 

zein solution on weight basis. 

(ii) Polymer Solution: 

PEO polymer solution was prepared by slowly adding 1 g of PEO into 20 g 

of 80% ethanol. It was constantly stirred for 2 hours until a milky solution of 5% 

PEO was formed. 

(iii) Spinning solution  

Electrospinning solution was prepared at two different ratio (1:2:5 and 1:5:5) 

which corresponds to 1 g of hexanal mixed to 2 g/5 g zein solution and 5 g 

polymer solution on weight basis. The final spin dopes were stirred for 2 h at 

room temperature to obtain homogenous solutions before electrospinning. 

3.4.2 Electrospinning 

The prepared spinning solution were electrospun into fibers using a vertical setup 

electrospinning machine. Solution was taken in a 3 mL plastic syringe (KD Scientific, 

Holliston, U.S.A.) and impelled at a flowrate of 2.0 mL/h by an infusion pump (Model 

780100; KD Scientific Inc., Holliston, MA, U.S.A.). A 20-gauge blunt tip stainless steel 

needle was attached to the syringe and was used as a spinneret which was connected to 

the positive electrode of a direct current power supply (Model ES50P- 50W/DAM, Gamma 

High Voltage, Ormond Beach, FL, U.S.A.) to create a constant operating voltage of 15 
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kV. The collector of the electrospun fibers is an aluminum foil covered circular stainless-

steel plate. A potential difference between the spinneret and the collector was created by 

connecting the ground electrode to the collector. The distance between the spinneret tip 

and the collector was maintained at 20 cm. The whole process of electrospinning was 

conducted in an environmental chamber (Model MLR-350H, Sanyo Corporation, Japan). 

3.4.3. Fourier transformed infrared (FTIR) analysis 

Hexanal, Zein, PEO and its interactions in fiber was studied using an FTIR 

spectrometer (Model IRPrestige21, Shimadzu Corporation, Kyoto, Japan) fitted with an 

attenuated total reflectance (ATR) cell (Pike Technologies, Madison, Wisconsin, U.S.A.). 

The spectrum for each sample was taken by averaging 40 scans at 4 cm-1 resolution in 

the mid-IR region (600 to 4000 cm-1). IR solution software (Shimadzu Corporation, Kyoto, 

Japan) was used to analyze the spectrum.  

3.4.4. Scanning Electron Microimage 

The morphology of the electrospun fiber and the effect of relative humidity on the 

fiber structure was studied using scanning electron microscope (SEM) (Model S-570, 

Hitachi High-Technologies Corporation, Tokyo, Japan). The electrospun fibers were 

stored at different relative humidity (0, 43 and 96 %) and the samples were analyzed at 

weekly interval. The relative humidity 0 and 93% were chosen to understand the activated 

release of hexanal due to increase in the relative humidity of the environment while 43% 

was chosen as the center point for the 0 and 96. The samples were embedded onto metal 

stubs by double-adhesive carbon tapes. Samples were then coated with a thin layer (20 

nm) of gold using a sputter coater (Model K550, Emitech, Ashford, Kent, UK). The coated 
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samples were then transferred to the specimen chamber and the images were captured 

at an accelerating voltage of 10 kV.  

3.4.5. Headspace analysis 

Hexanal release from the fiber was analyzed using an automatic headspace 

analysis system. This system is made up of a gas chromatograph (GC) equipped with a 

flame ionization detector (FID) (GC 6890, Agilent Technologies Inc., Santa Clara, CA, 

U.S.A.) interfaced with a steam sampling valve and a gas sampling valve (EMTCA-CE, 

VICI Valco Instruments, Houston, TX, U.S.A.) connected by stainless steel tubing (OD 

1/16”). The GC was fitted with a capillary column (Agilent J&W DB-624, Agilent 

Technologies Inc., Santa Clara, CA, U.S.A.) with dimensions 30 m x 0.53 mm x 3.00 μm. 

Other GC operational parameters are: H2 flow rate: 50 mL/min; air flow rate: 200 mL/min; 

carrier N2 flow rate: 30 mL/min; oven temperature: 150oC; FID temperature: 200oC. The 

sampling of headspace gas and acquiring of FID signals were carried out automatically 

using a controller (SRI Instruments Inc., Las Vegas, NV, U.S.A.). Chromatographs were 

analyzed using PeakSimple software (4.44–64 bit, SRI Instruments, CA, U.S.A.). 

Calibration of FID was achieved by injecting known amounts hexanal ranging from 0.2-

1.0 μL/L into 1000 ml hermetic glass jars. 

Release kinetics of hexanal was studied by enclosing known weight of fiber 

encapsulated with hexanal inside hermetically sealed glass jar. Rubber septum was fixed 

at the lid of the jar to draw headspace sample using needle during various points. To 

trigger the release of volatiles from the fiber, different relative humidity (0, 43 & 96%) was 

evenly distributed in the jar. Standard practice using aqueous solution was used to 

maintain the constant relative humidity in the desiccator (Greenspan, 1977). Silica gel, 
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saturated solution of potassium carbonate (K2CO3) and millipore water was taken in the 

desiccator separately and closed airtight to get the desired level of 0, 43 and 96% relative 

humidity. The release of volatiles was monitored for 5 h at 25°C. At a given sampling 

point, the amounts of hexanal released was calculated by adding the recorded amount 

(Mr) to the accumulated amount lost (Ml) up to that point: 

Mr = CrVr ;   

Ml =∑r-1(Cr-i. Ve)  

Mt = Mr + Ml 

where Cr (μL/L) is the concentration of hexanal released at that time point; (L) is the 

volume of the bottle and Ve (L) represents the volume of the gas extracted from the 

headspace of the jar during sampling; Mt (μL) is the final amount of hexanal released at 

any given sampling point. 

3.4.6. Data Analysis 

Data were collected for analysis of quality parameters of the fruit and was analyzed 

using repeated measures ANOVA in SAS (SAS Version 9.4, SAS Institute, Raleigh, NC) 

using the PROC GLIMMIX (Generalized Linear Mixed Model) procedure. The type 1 error 

rate was set at 0.05 for all statistical comparisons.  

3.5. Results and discussion 

3.5.1. Calibration of hexanal concentration 

The GC FID was calibrated with hexanal at different concentration ranging from 

0.2 to 1.0 µL. Standard graph was developed with 98.75% accuracy of coefficient of 
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determination and equation of y=4424.5x where, y is the peak area and x is concentration 

in terms of µL/L. As expected, the peak area increased in a linear manner with the 

increase in hexanal concentration. Based on this the GC was optimized for the analysis 

of hexanal in headspace and also to estimate the loaded hexanal in the fiber.  
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Fig.3.3 Calibration plot of hexanal 
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3.5.2. Assessment of hexanal release 

The aim of the present investigation is to trigger the release of hexanal from the 

fiber in the presence of relative humidity replicating the fruit packaging environment. Fruits 

continue to breathe resulting in the slow and steady increase of relative humidity inside 

the package. In a closed environment the humidity reached over 90% within 3 hours, due 

to rapid increase of moisture by fruit respiration. This is not ideal as such high humidity 

can promote latent pathogen to become active. Hence the commercial cartons are 

provided with ventilation to manage the humidity, thus reducing the post-harvest 

pathogen activity. However, even with adequate ventilation (which varies with the fruit 

species), there is enough increase in humidity, to trigger the hexanal release.  

The polymer solution was spun into fiber encapsulating hexanal which aids in the 

controlled release of hexanal vapour. In dry conditions (0% RH), there was no release of 

hexanal over the period of observation. However, when the relative humidity was 

increased from 0 to 43% hexanal was released from the fibers and accumulated. After 

about 5 hours 1.05 and 2.21% hexanal vapour prepared from the ratio of 1:2:5 and 1:5:5 

of polymer solution respectively. Further exposing the fiber to 96% RH, the hexanal 

vapour concentration in the headspace accumulated 35.19 and 17.48% from the fiber 

prepared from the polymer solution ratio of 1:2:5 and 1:5:5 respectively over the period 

of observation (300 minutes). The release percentage from the fibers was calculated 

based on the assumption that hexanal in the polymer solution was completely loaded in 

the electrospun fiber. Fig 3.5 confirms the release of hexanal from the fiber based on the 

differentiation in the relative humidity. Slow, but continuous release of hexanal was 

observed when the fibers were analysed at daily interval for 7 days, a period that is 
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sufficient enough for the hexanal to get into the fruits and inhibit PLD, as the fruits will 

have started the ripening process, by this time.  
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Fig 3.4a. Release kinetics of hexanal from the electrospun fiber prepared from 1:2:5 ratio 
of HZP polymer solution exposed to relative humidity 0, 43 and 96% respectively 
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 Fig 3.4b. Release kinetics of hexanal from the electrospun fiber prepared from 1:5:5 ratio 
of HZP polymer solution exposed to relative humidity 0, 43 and 96% respectively 
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Fig 3.5. Release of hexanal from the prepared fiber as a result of relative humidity. At 0% 
RH, the electrospun fiber held hexanal without any release. At until 300 mins mark, when 
the fibers were exposed to 96% RH the release was initiated and steadily increased 
resulting in continuous accumulation of hexanal vapour in the headspace. 
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The release study of hexanal from the electrospun fiber showed that the release 

was activated in the confined environment by exposing to the moisture. PEO is a 

hydrophilic polymer aids in fiber formation by promoting the molecular entanglement and 

disrupting gelation (Wen et al., 2017).  The polymer when exposed to the elevated relative 

humidity, its barrier properties are weakened dramatically due to the absorbed water. 

Solvent characteristic of water supports the mobility of polymer chain and causes 

deformation by plasticization effect (Trotzig et al., 2007). Zein is used as an amphiphilic 

polymer which acts as a biopolymer to entrap and increase the storage stability of hexanal 

in the fiber which is similar to entrapment of thymol, carvacrol in the zein nano structures 

by liquid-liquid dispersion method (Wu et al., 2012). The solid state stability of the protein 

is affected by the presence of moisture in the environment that enables the mobilization 

of hexanal. In addition the water molecules absorbed by the PEO weakens the interaction 

of hexanal and polymer, resulting in the diffusion of hexanal vapour to the external 

environment as observed in controlled release of allyl isothiocyanate using soy protein 

and poly(lactic acid) (Vega-Lugo and Lim, 2009b). No additional peak was observed over 

the entire study which leads to the conclusion that the hexanal was not oxidized to any of 

the by-products.  

3.5.3. Characterization of hexanal encapsulated fiber 

As the fiber used in the investigation were found to influence the release of 

impregnated hexanal, further investigation on structural morphology of the test matrices 

was made using scanning electron microscope (SEM), Fourier Transform Infra Red 

(FTIR) spectrophotometer to explore the role of their physical characteristics on hexanal 

release pattern. 
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3.5.3.1. Scanning Electron Microscopy on electrospun fiber 

 Surface morphology of the fiber loaded with hexanal was analyzed using SEM. 

The fibers were randomly oriented with no bead formation. The average size of fiber 

ranged between 600 nm to 1.5 µm. Figs 6a & b shows the SEM image of fiber prepared 

from the polymer solution ratio 1:2:5 and 1:5:5 of HZP respectively.  The fibers were 

stored at 0, 43 and 96% RH and the images were taken at an interval of 7 days. The 

fibers remained intact at the day of preparation while the fibers exposed to 43% began to 

swell from day 7 but remained intact throughout the experimental analysis. The fibers 

stored at 96% RH was distorted on day 7 and completely collapsed at the end of 

experiment. Similar trend was observed for the fibers prepared from the polymer solution 

prepared in the ratio 1:5:5 of HZP polymer solution. 

 The SEM images are in accordance with the release kinetics study of hexanal 

using GC. As the moisture in the environment is absorbed by the fiber, it started to swell, 

thereby facilitating the diffusion of hexanal vapour from the fiber.  
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Fig 3.6a. Electron micrograph showing the influence of relative humidity on the morphological property of electrospun fiber 
prepared from the polymer solution ratio 1:2:5 of HZP polymer solution. The image taken at the 7 days interval is along the 
horizontal rows and the fiber exposed to 0, 43 and 96% RH is showed in the vertical columns. 

     Day 
 RH 0 7 14 21 

0% 

    

43% 

    

96% 
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        Day     
RH 

0 7 14 21 

0% 

    

43% 

    

96% 

    

Fig 3.6b. Electron micrograph showing the influence of relative humidity on the morphological property of electrospun fiber 
prepared from the polymer solution ratio 1:5:5 of HZP. The images taken at the 7 days interval is along the horizontal rows 
and the fiber exposed to 0, 43 and 96% relative humidity is showed in the vertical columns.  
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3.5.3.2. FTIR Spectrophotometry 

The FTIR spectra of fiber before loading with hexanal showed CH2 bending and 

stretching of the PEO at 1467 and 1341 cm-1 while -C-O-C stretching was observed at 

1100 cm-1. The peaks at 1279 cm-1 and 2885 cm-1 represents the C-H wagging and 

stretching (Lin et al., 2018). The peaks of the zein protein was specifically due to peptide 

groups where -NH2 bonding was observed at 3292 cm-1. Peak between at 1643 cm-1 

corresponds to amide I group particularly due to C=O stretching,  while 1531 cm-1 

corresponds to N-H bending and C-N stretching of amide II and 1240 represents the 

amide III groups of zein (Almeida et al., 2010) The fibers loaded with hexanal shows FTIR 

spectral peak between 2700-3000 cm-1 which is due to C-H stretching vibration (Jash et 

al., 2018). The peak at 1720 cm-1 is due to the presence of C=O stretching vibration and 

peak near 3350 cm-1 is found to represents the overtone of C=O. The characteristic peak 

of aldehyde shows the encapsulation of hexanal in the fiber. The peaks of zein and PEO 

showed no shift or change upon addition of hexanal in the fiber which proves that there 

is no interaction of hexanal with the polymers.  
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Fig 3.7. FTIR spectrum of empty and hexanal loaded fiber made from HZP polymer 
solution. The x-axis shows the wavenumber of the compounds against the absorbance in 
y axis. Peak at 1727cm-1 confirms the loading of hexanal in the fiber.  
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3.6 Conclusion 

 Fiber was fabricated by electrospinning process where hexanal was encapsulated 

in the zein-PEO polymer blend solution. The release of hexanal vapor from the fiber was 

activated by the increase in relative humidity in the confined environment. This activation 

of hexanal from the fiber is a natural process in fruit packaging environment where the 

fruit respiration alters the RH. The characterization of fiber using SEM confirms the 

structural changes in the morphology of fiber in response to the change in RH while the 

FTIR characterization proved the interaction behaviour of hexanal, zein and PEO in the 

fiber. In conclusion, this study shows the development of the polymer formulation to 

encapsulate the volatile compound for activated release in the smart delivery system of 

packaging. 
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CHAPTER 4 

Application of electrospun fiber loaded with hexanal in extending the shelf life of 

fruits 

Fabrication of hexanal encapsulated in fiber by the nanotechnological approach, 

electrospinning and the release mechanism study using gas chromatography, 

characterization of the fiber using SEM and FTIR were explained in chapter 3. This 

chapter deals with the study of hexanal encapsulated fiber for extending the shelf life of 

fruits by applying it in fruit packaging.  

Hexanal application in the form of preharvest spray, postharvest vapor, dip 

treatments and its benefit to the fruits were explained in chapter 2. Other methods of 

applying hexanal in the postharvest storage includes biowax, bio-nanomaterial based 

sachets and packaging materials. Sachets prepared from the β cyclodextrin inclusion 

complex entrapped hexanal in the form of pellets helps in preserving the fruit quality while 

in the packaging (Subramanian et al., 2018). It also protected cherries from the fungi 

Colletotrichum acutatum (Simmonds), Alternaria alternata (Keissl) and Botrytis cinerea 

(Pers), and apples from Penicillium expansum (Link). Stickers infused with hexanal 

extended the shelf life of mango and banana by 6 and 12 days respectively, when applied 

in the packaging system. Nano film prepared from the polyvinyl alcohol and poly acrylic 

acid along with nanofiber cellulose extended the shelf life of tomatoes up to 18 days under 

ambient storage conditions. Biowax incorporated with hexanal increased the storage life 

of papaya more than 21 days and it also increased the marketability of mango fruits by 

84%. Another approach to the application of hexanal is by encapsulating it in suitable 

polymer matrix and electrospining it to form fiber. Active packaging of fruits with the 

hexanal encapsulated fiber can release  hexanal on to the surface of the fruits according 
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to the change in the packaging system (https://idl-bnc-

idrc.dspacedirect.org/handle/10625/57175). 

Active packaging is used for extending the shelf life of fruits, control fruit quality 

and ensure product safety by exhibiting the information of shelf life parameters (Schaefer 

and Cheung, 2018).  It provides the characteristics of both active and intelligent packaging 

(Vanderroost et al., 2014). The development and use of such packaging system in the 

form of thin films and sachets are available in the market. Application of fibers 

encapsulated with antimicrobial compounds in the packaging system for strawberry (Shao 

et al., 2018) and tomatoes (Liu, 2016) increased the shelf life of these fruits. Using a 

similar concept, the objective of this study is to apply the hexanal loaded fiber in the 

packaging of fruits to understand its effect on extension of shelf life of fruits. 

4.1 Materials and methods 

The shelf life study was conducted in two experimental phases viz (i) using hexanal 

encapsulated fiber (HEF) alone and (ii) using HEF to test fruits already dipped in 

enhanced freshness formulation (EFF). In the fiber alone treatment, to understand the 

efficiency and storage ability of fiber, fruits such as peach, nectarines, plums and pears 

were stored in the container with hexanal encapsulated fiber prepared in different ratios 

stored for different durations of time. T1 and T2 are two types of fiber prepared from the 

polymer solution with hexanal, zein and PEO in the ratio of 1:2:5 or 1:5:5 on a weight 

basis respectively. The two types of fiber were also stored for three time periods namely 

freshly prepared fiber/ 0 days storage (F1), fiber prepared and stored for 7 days (F2) and 

15 days (F3) before application. The fibers F2 & F3 were stored in the desiccator with 0% 

relative humidity until the time of treatment. ‘Veeblush’ peach, ‘V99051’ and ‘Shiro’ plums 

https://idl-bnc-idrc.dspacedirect.org/handle/10625/57175
https://idl-bnc-idrc.dspacedirect.org/handle/10625/57175
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were used as model fruit for the fiber alone experiment. They were harvested at 

commercial maturity from University of Guelph research farm at Vineland, Canada. The 

fruits were sorted, cleaned to remove dust particles and segregated into different storage 

containers based on uniform size and weight. Based on the weight to get uniformity and 

incorporate fibers, peaches and plums were separated and stored in containers with 

hexanal encapsulated fiber prepared at different ratio (T1&T2) and different periods (F1, 

F2 & F3). For example, 0.5 g of fiber releases enough hexanal at 0.02% concentration to 

treat 1 kg of fruit on weight basis  

The polymer formulation which exhibited better shelf life and quality of fruits from 

the fiber per se treatment was used to study its effectiveness along with applications of 

EFF as combination treatment. As discussed in chapter 2.10, EFF formulation 1 was used 

for the combination treatment and was tested on ‘V208055’, ‘Fantasia’ nectarines and 

‘Anjou’, ‘Bartlett’ pears. The fruits were stored in an airtight container with fiber alone (T1) 

and fiber plus fruits dipped in EFF (T2). Electrospun fiber’s storage capacity was analyzed 

by treating the fruits with fiber prepared on the same day of treatment (F1) and 15 days 

before treatment and stored at 0% RH (F2).  Two types of control were included for this 

experiment, fruits that received neither fiber nor EFF labelled as ‘Control’ and fruits 

treated with EFF alone which was labelled as ‘C_EFF’. The experimental fruits were 

stored at two different storage conditions of ambient storage (20±2°C) and cold storage 

(0±2°C). The initial reading was taken on the day of treatment and subsequent shelf life 

data were collected at 4 or 5 days intervals for peach and plums, respectively. The 

concentration of hexanal used for both  treatments was 0.02% and the quantity applied 

was based on weight of the fruit (Cheema et al., 2014). The different time points used for 
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measurement of quality parameters were based on previous studies (Cheema et al., 

2018; Kumar et al., 2018; Manganaris et al., 2008). 

The study was conducted with three replications for each treatment and throughout 

the experiment, same four fruits from each replication were constantly analyzed for the 

physiological loss in weight, colour and visual changes at the specified time intervals. 

Three fruits from each replication at each time point were analyzed for the total soluble 

solids (TSS) and firmness. Percentage decay was calculated for the total number of fruits 

on the day of measurement.  

4.1.1 Physiological loss in weight (PLW) 

The physiological loss in weight was measured by using the digital balance. The 

initial weight of the fruit was measured on the day of treatment and the final weight was 

measured at 4 days interval for stone fruits and 5 days for pears. Measurements were 

taken from the same four fruits per replication throughout the experiment. PLW is 

expressed in terms of percentage (Cheema et al., 2014) and calculated using the 

following formula where: 

Physiological loss in weight (%) = Initial weight - Final weight * 100 

                    Initial weight 

4.1.2. Firmness 

 A digital hand penetrometer (Effegi pressure tester, Facchini 48011, Alfonsine, 

Italy) with a 8 mm tip was used to measure firmness. The tip was inserted at constant 

pressure and force on opposite sides of the fruit. Readings were recorded from 3 fruits 

per replication and expressed in Newtons (N). 
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4.1.3 Total Soluble Solids (TSS) 

TSS were measured using prism refractometer (Fisher Scientific, Mississauga, 

Canada). The fruits were crushed using pestle and mortar and the juice extract was 

filtered using cheese cloth. The extract was placed on the refractometer to measured in 

units of ºBrix. Three fruits from each replication were used to determine TSS. 

4.1.4. Colour 

 The fruit colour was measured using a Minolta Chromameter (Konica Minolta 

Chroma Meter, CR-400) according to the CIE Lab System (L-rightness, a-red/green and 

b-yellow/blue). For peach and nectarines, the colour was measured in terms of 

foreground and background as anthocyanin (bright red) and background color (yellow) 

(Kumar et al., 2018). However, the fruit colour of pears and plums were measured as a 

single L a b value.  

4.1.5 Percentage decay  

 Fruits were visually assessed to determine the percentage decay for the total 

number of fruits at the day of measurement.  Fruits were considered unacceptable if the 

fruit had softened and had dark spots on more than 15 % of its surface area due to 

microbial attack (Wani et al., 2008). Percentage decay was calculated using the formula 

 Decay % = Number of decayed fruits * 100 

          Total number of fruits 

4.1.6. Statistical analysis 

 Data collected for the study of shelf life parameters was analyzed using repeated 

measures ANOVA in SAS (SAS Version 9.4, SAS Institute, Raleigh, NC) using the PROC 

GLIMMIX (Generalized Linear Mixed Model) procedure. The fixed effects for the variance 
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included the polymer solution ratio, age of fiber, days stored and their interactions. 

Equality of variance of the fixed effects and a likelihood ratio test to validate the 

significance of the random effects was tested using the F test. The regular interval of time 

during which the parameters was treated as the repeated measure sequence in the 

analysis. Based on the data obtained, a suitable distribution function was fit for the 

analysis. The distribution function was also selected based on fit statistic values (lower 

AICC value). Error assumptions of the variance analysis (random, homogenous, normal 

distribution of error) were tested using the studentized residual plots and the Shapiro-Wilk 

normality test. Means for the analyses was determined using the LSMEANS statement 

and means separation conducted using Tukey-Kramer adjusted multiple means 

comparison test. Outliers were identified using the studentized residuals to check for 

deviation by more than ± 3.4 from the expected values. The type 1 error rate was set at 

0.05 for all statistical comparisons. 

4.2. Results and discussion 

4.2.1 Effect of hexanal encapsulated fiber on maintaining the quality parameters 

of fruits  

4.2.1.1. Peach - Veeblush 

 The results of the shelf life study on the early season of peach ‘Veeblush’ in control 

and treated with 0, 7 and 15 day old fiber encapsulated hexanal which was prepared from 

the two polymer solution is given below. 

4.2.1.1.1 Physiological loss in weight 

 The percentage weight loss of peach stored in both storage condition is 

significantly higher in control compared to the treatment. The interaction of polymer ratio 
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x age of fiber x treatment was not significantly different indicating that the fruits treated 

with the hexanal encapsulated fiber (referred as HEF herein) prepared from the two 

different ratios of HZP polymer solution showed similar percentage loss irrespective of 

the age of fibers and storage condition of the fibers. However, in the ambient storage 

temperature, the control fruits exhibited higher percentage loss of 13.17±1.3 compared 

to the other treatment as well as the fiber prepared 2 weeks prior from the HZP polymer 

solution ratio 1:2:5 showed a similar percentage loss that was not significantly different 

from the control (Table 1).  
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Table 4.1: Effect of hexanal encapsulated fiber from 1:2:5 and 1:5:5 ratio of HZP polymer solution during different time 
period on the percentage weight loss of peaches stored in ambient 20±2ºC (a) and cold condition 0±2ºC (b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

*Data shown is the mean ± standard error of three replicates.  
*Based on Tukey’s mean comparison at 95% confidence, means within rows with same  
letters are not significantly different. 

a. Ambient storage 

Treatment Days after treatment 

Polymer 
ratio 

Day of fiber 
preparation 

4 8 12 16 

1:2:5 (T1) 0 (F1) 1.43±1.3cd 2.15±1.3cd 3.93±1.3b-d 7.19±1.3a-d 

7 (F2) 1.13±1.3cd 3.01±1.3cd 4.48±1.3b-d 7.02±1.3a-d 

15 (F3) 2.26±1.3cd 6.37±1.3a-d 8.27±1.3a-c 10.46±13ab 

1:5:5 (T2) 0 (F1) 2.12±1.3cd 2.48±1.3cd 4.56±1.3b-d 5.26±1.3b-d 

7 (F2) 0.72±1.3d 1.43±1.3cd 3.57±1.3c-d 5.69±1.3b-d 

15 (F3) 1.46±1.3cd 1.79±1.3cd 2.85±1.3cd 3.98±1.3b-d 

Control 3.53±1.3b-d 4.31±1.3cd 7.71±1.3b-d 13.17±1.3a 

b. Cold storage 

Treatment Days after treatment 

Polymer 
ratio 

Day of fiber 
preparation 

4 8 12 16 20 40 

1:2:5 
(T1) 

0 (F1) 0.43±1.2i-h 1.70±1.2 d-j 2.04±1.2c-j 3.38±1.2b-j 4.11±1.2b-j 6.43±1.2a-e 

7 (F2) 0.01±1.2j 1.10±1.2g-j 4.65±1.2 b-j 4.98±1.2b-j 5.72±1.2a-e 7.85±1.2ab 

15 (F3) 0.37±1.2ij 0.74±1.2g-j 1.07±1.2g-j 2.55±1.2c-j 4.68±1.2b-j 7.11±1.2a-d 

1:5:5 
(T2) 

0 (F1) 1.19±1.2a-h 3.82±1.2b-j 3.82±1.2b-j 4.58±1.2a-h 5.33±1.2a-f 7.81±1.2ab 

7 (F2) 1.44±1.2e-j 1.80±1.2d-j 1.80±1.2d-j 2.16±1.2c-j 3.96±1.2b-j 6.85±1.2a-d 

15 (F3) 0.79±1.2g-j 1.19±1.2f-j 1.88±1.2d-j 2.23±1.2c-j 2.23±1.2c-j 6.35 ±1.2a-f 

Control 1.45±1.2e-j 1.81±1.2d-j 2.52±1.2c-j 3.55±1.2b-j 4.22±1.2b-j 9.14±1.2a 
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4.2.1.1.2 Firmness 

Fruit firmness decreased gradually over the storage period in both treated and 

control fruits under both storage conditions. Under the ambient condition, the firmness of 

fruits treated with fiber prepared from 1:2:5 HZP polymer solution was significantly higher 

followed by the fiber prepared from 1:5:5 and the least firmness was observed in control. 

The interaction effect of polymer ratio and age of fiber showed higher firmness compared 

to control on 16th day of observation. Freshly prepared fiber and 7 days old fiber exhibited 

similar firmness differing significantly from 15 days old fiber irrespective to the polymer 

ratio.  

In cold storage, the fruits treated with fiber showed 14-15% higher firmness 

compared to the control. Until 20 days of storage fruits showed no significant changes in 

the firmness in both treated and control while on the 40th day post harvest, the fruits in 

storage container with fiber showed greater firmness compared to the control. Similar to 

the result under ambient conditions, the firmness was higher in the fruits treated with 

freshly prepared and 7 days old hexanal encapsulated fiber irrespective to the polymer 

ratio.  
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Fig 4.1 Effect of HEF on the firmness of ‘Veeblush’ stored under ambient condition 
20±2ºC. The untreated fruits are the control and the data shown is the mean value with 
standard errors. T1 and T2 indicates the fiber prepared from the polymer solution ratio 
1:2:5 and 1:5:5 respectively. F2 and F3 indicates the day fiber prepared in advance to the 
treatment to understand the fiber storage life. F1 is the freshly prepared fiber on the day 
of treatment. * represent data that has significantly higher firmness (P<0.0001) compared 

to other treatment and control. ˟ on day 8 represents the fruits in the particular treatment 

were decayed or rotten and discarded for further analysis.  
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Fig 4.2 Effect of HEF on the firmness of ‘Veeblush’ stored in cold condition 0±2ºC. The 
untreated fruits are the control and the data shown is the mean value with standard errors. 
T1 and T2 indicates the fiber prepared from the polymer solution ratio 1:2:5 and 1:5:5 
respectively. F2 and F3 indicates the day fiber prepared in advance to the treatment to 
understand the fiber storage life. F1 is the freshly prepared fiber on the day of treatment. 
* represent data that has significantly lowest firmness (P<0.05) compared to other 
treatment.  
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4.2.1.1.3. Total Soluble Solid 

 Total soluble solid is a measure of sugar content in fruits as it is the major soluble 

solid. Fruits in the control showed highest °Brix from 8th day post harvest indicating the 

progression of fruit ripening, irrespective of the storage conditions. Fiber prepared one 

week before the treatment and freshly prepared from the polymer solution ratio of 1:2:5 

(T1) showed lower ºBrix reading on the 16th day of experiment study compared to 8th day 

measurement of control under ambient storage condition. In cold storage, no significant 

difference was observed among the treatments regardless of the polymer  

ratio and the day of preparation of fiber.  
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Fig 4.3. Effect of electrospun fiber on the total soluble solids of ‘Veeblush’ stored under 
ambient condition (a) and cold (b). The untreated fruits are the control and the data shown 
is the mean value with standard errors. T1 and T2 indicates the fiber prepared from the 
HZP polymer solution ratio 1:2:5 and 1:5:5 respectively. F2 and F3 indicates the day fiber 
prepared in advance to the treatment to understand the fiber storage life. F1 is the freshly 
prepared fiber on the day of treatment. Peach kept on control and 15 days old fiber 
prepared form both polymer formulation started decaying from day 8 under ambient 
condition.  
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4.2.1.1.4. Colour 

Various pigments present in the fruit determines the fruit colour. In peach, the 

anthocyanin produces bright red colour which is measured as anthocyanin colour and the 

yellow colour was measured as the background colour. The fruits stored in the cold and 

ambient condition exhibited no significant difference due to treatment in both the 

anthocyanin colour and background colour. However, the redness of the fruit increased 

over the time (Kumar et al., 2018) for all treatments.   

4.2.1.1.5. Percentage Decay 

 Percentage decay was calculated based on the fruits that are no longer considered 

consumable. Under ambient conditions, fruits in control started showing the signs of 

decay at day 4 (Fig 4.4 b). On 8th day post harvest, the fruits in control and treated with 

fiber prepared 7 and 15 days prior to the treatment from the polymer formulation of 1:5:5 

of HZP showed higher percentage decay (11.1%). The fiber prepared on the same day 

of treatment from both ratios of polymer showed no signs of decay until 16 days of 

treatment. Further storage produced no increase in percentage decay, however the dark 

reddish brown colour of the fruits made them look unconsumable. Under cold storage 

conditions, fruits in the control showed 33% percentage decay while the treated fruits 

were still firm with no signs of decay on 40th day after treatment began (Fig 4.4 d).  

 The shelf life study of ‘Veeblush’ peach shows that the fruits treated with the 

hexanal encapsulated fiber showed better firmness, reduced weight loss and decay 

percentage compared to control. Among the fiber formulation, the difference is not 

significant in any measured parameters under both storage conditions. However, the 
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freshly prepared fiber of both the formulations increased the shelf life of peach by 4 days 

under ambient conditions, along with 7 days old fiber prepared from 1:2:5 ratio of HZP 

polymer formulation stored under 0% RH. Under cold storage conditions, fruits treated 

with the fiber from the two ratios and three ages showed higher firmness and less decay 

percentage compared to control even on 40th day of observation. This will benefit farmers 

by providing them with the ability to store fruits up to 40 days in cold storage while 

maintaining the firmness and quality required for marketable produce. 
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Fig 4.4 Visual changes in the appearance of ‘Veeblush’ peach in control and treated stored in ambient and cold storage 
condition. T1 and T2 indicates the fiber prepared from the polymer solution ratio 1:2:5 and 1:5:5 respectively. In image D7 
and D15 indicates the day fiber prepared 7 and 15 days in advance to the treatment and D0 is the freshly prepared fiber on 
the day of treatment. Image taken on (a) day 0, (b) day 4, (c) day 12 and (d) day 40. Fruits kept in the containers with freshly 
prepared fiber showed no signs of decay and rotting even on 12th day of observation. 

  

c. a. d. b. 
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4.2.1.2. Plums – V99051 

 The plum variety used for the study is V99051 developed by University of Guelph. 

This variety is greenish yellow in colour at the start of ripening and turns into a bright red 

colour at full ripening. The effect of HEF on the quality parameters of the fruit is described 

below.  

4.2.1.2.1 Physiological loss in weight 

 The result of percentage weight loss of the fruits in the ambient storage condition 

exhibited no interaction effect while in cold storage, the interaction of fiber prepared from 

the different polymer ratio and age of fiber on fruits exhibited lesser percentage weight 

loss compared to the control on the 40th day of observation (Table 4.2). In addition, on 

the 4th day of observation, fruits treated with HEF prepared from the polymer formulation 

ratio of 1:2:5 exhibited lower percentage weight loss compared to fruits treated with the 

1:5:5 formulation and control.  The age of fiber did not affect the PLW among the 

treatment in both storage condition. 
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Table 4.2: Effect of electrospun fiber encapsulated with hexanal prepared from 1:2:5 and 1:5:5 ratio of hexanl, zein-PEO 
polymer solution during different time period on the physiological loss of weight of V99051 plums stored in cold temperature 

*Data shown is the mean ± standard error of three replicates.  
*Based on Tukey’s mean comparison at 95% confidence, means within rows with same  
letters do not vary in percentage weight loss. 
  

Treatment Days after treatment 

Polymer 
ratio 

Day of fiber 
preparation 

4 8 12 16 20 40 

1:2:5 
(T1) 

0 (F1) 0.41±0.8i 1.21±0.8ih 1.95±0.8f-h 3.30±0.8e-i 4.44±0.8b-i 5.30±0.8b-i 

7 (F2) 0.36±0.8i 2.46±0.8e-i 5.02±0.8b-i 5.72±0.8b-i 6.05±0.8a-f 7.12±0.8a-d 

15 (F3) 0.37±0.8i 1.07±0.8ih 1.07±0.8ih 2.55±0.8e-i 4.68±0.8b-i 5.79±0.8a-h 

1:5:5 
(T2) 

0 (F1) 1.86±0.8f-i 2.95±0.8e-i 4.06±0.8b-i 5.14±0.8b-i 6.28±0.8a-f 7.51±0.8a-b 

7 (F2) 1.45±0.8 f-h 1.82±0.8f-h 1.82±0.8f-i 2.91±0.8e-i 4.35±0.8b-i 7.69±0.8a-b 

15 (F3) 0.79±0.8i 1.93±0.8f-h 2.28±0.8e-f 3.35±0.8e-i 3.70±0.8c-i 7.05±0.8a-e 

Control 1.45±0.8ghi 1.81±0.8f-h 2.12±0.8f-h 3.55±0.8e-i 4.22±0.8b-i 9.74±0.8a 
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4.2.1.2.2 Firmness 

 Firmness of the fruit decreased over the time as the membrane integrity of the skin 

decline during ripening. During the period of observation, in ambient condition, the 

firmness of fruit declined approximately 40% on 4th day. From 4th day, the firmness 

lessened gradually until the end of the experiment. On 16th day, the firmness of control 

was reduced by 77% while the treatment showed approximately 65% reduction in 

firmness exhibiting significant difference between the control and the interaction of fiber 

with fruits irrespective to the age of fiber (Fig 4.5a). In cold condition, the fruits stored in 

control and treatment showed no significant difference until 20 days. However, on 40th 

day, control showed significantly lesser firmness compared to the treatment with fiber 

prepared from 1:2:5 and 1:5:5 of HZP despite the age of fiber. (Fig 4.5 b). 
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Fig 4.5. Effect of electrospun fiber on the firmness of ‘V99051’ plums stored under 
ambient condition (a) and cold (b). The untreated fruits are the control and the data shown 
is the mean value with standard errors. T1 and T2 indicates the fiber prepared from the 
polymer solution ratio 1:2:5 and 1:5:5 of HZP respectively. F2 and F3 indicates the day 
fiber prepared in advance to the treatment to understand the fiber storage life. F1 is the 
freshly prepared fiber on the day of treatment. * represent data that has significantly lower 
firmness compared to other treatments. 
  

0

2

4

6

8

10

12

14

0 4 8 12 16

F
ir

m
n

e
s
s
 (

N
)

Time (in days)

Control T1F1 T1F2 T1F3 T2F1 T2F2 T2F3

*

0

2

4

6

8

10

12

14

0 4 8 12 16 20 40

F
ir

m
n

e
s
s
 (

N
)

Time (in days)

Control T1F1 T1F2 T1F3 T2F1 T2F2 T2F3

*

a. 

b. 



78 
 

 

4.2.1.2.3 Total Soluble Solids 

 Total soluble solids increased with the advancement of fruit ripening with the 

increase being significantly higher in control compared to treated plums irrespective to 

storage condition. Moreover, in ambient storage conditions, the fruits treated with HEF 

from the formulation 1:5:5 and stored 15 days in 0% RH prior to treatment exhibited similar 

TSS compared to control (Fig 4.6).  In cold storage, the fruits did not show any interaction 

effect between the control and treatment showed no significant difference until 20 days. 

However, by the 40th day, the control showed significantly higher °Brix compared to the 

treatment (Fig 4.7). Under both storage conditions, the fruits did not exhibit an effect from 

the polymer formulation ratio and age of fiber.  
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Fig 4.6. Effect of electrospun fiber on the TSS of ‘V99051’ plums stored under ambient 
condition (20±2ºC). The untreated fruits are the control and the data shown is the mean 
value with standard errors. T1 and T2 indicates the fiber prepared from the polymer 
solution ratio 1:2:5 and 1:5:5 respectively. F2 and F3 indicates the day fiber prepared 7 
and 15 days in advance to the treatment to understand the fiber storage life. F1 is the 
freshly prepared fiber on the day of treatment. * represent data that has significantly 
higher TSS compared to other treatment.  
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Fig 4.7. Effect of electrospun fiber on the TSS of ‘V99051’ plums stored under ambient 
condition (a) and cold (b). The untreated fruits are the control and the data shown is the 
mean value with standard errors. T1 and T2 indicates the fiber prepared from the polymer 
solution ratio 1:2:5 and 1:5:5 respectively. F2 and F3 indicates the day fiber prepared 7 
and 15 days in advance to the treatment to understand the fiber storage life. F1 is the 
freshly prepared fiber on the day of treatment. * represent data that has significantly 
higher TSS compared to other treatments.  
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4.2.1.2.4 Colour 

Plum fruit colour is associated with the accumulation of anthocyanins which is 

more abundant in the peel. The colour of fruit changed from green to dark red at the end 

of the study. Statistically, the fruit colour did not vary between control and treatment 

formulation irrespective of the age of fiber.  

4.2.1.2.5 Decay percentage and visual observation 

 Fruit with more than 15 % of the surface spoiled due to softening or microbial attack 

were considered as unacceptable and based on this parameter decay percentage was 

calculated. In cold storage, the fruits showed no sign of decay over the observation period. 

In ambient condition, the fruits in control showed 70% decay on 16th day. Fruit treated 

with 1 week old HEF from the polymer solution ratio of 1:2:5 exhibited only 10% decay. 

In control, development of fungus was very rapid while the treated fruits were less affected 

(Fig 4.8 and 4.9). 
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Fig 4.8 Visual changes in the appearance of V99051 plums stored under ambient 
condition (20±2ºC). T1 and T2 indicates the fiber prepared from the polymer solution ratio 
1:2:5 and 1:5:5 respectively. Image D7 and D15 indicates that the day fibers prepared 7 
and 15 days in advance of the treatment and D0 is the freshly prepared fiber on the day 
of treatment. Image taken on (a) day 0, (b) day 4, (c) day 12 and (d) day 16.  
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Fig 4.9 Visual changes in the appearance of ‘V99051’ plum stored in cold storage 
condition (0±2ºC). T1 and T2 indicates the fiber prepared from the polymer solution ratio 
1:2:5 and 1:5:5 respectively. In image D7 and D15 indicates the day fiber prepared 7 and 
15 days in advance to the treatment and D0 is the freshly prepared fiber on the day of 
treatment. Image taken on (a) day 0, (b) day 4, (c) day 12and (d) day 30.  
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 Overall, the shelf life study on the post harvest quality of V99051 plum showed that 

HEF in the two different polymer ratios of 1:2:5 and 1:5:5 showed better firmness, 

decrease in the physiological weight loss, reduced fungal infection and decay percentage 

in both storage conditions. The fiber stored for 7 days and 15 days at 0% RH showed no 

significant difference to freshly prepared fiber.    

4.2.1.3. Plums - Shiro 

 The effect of electrospun fiber on maintaining the shelf life quality was tested with 

another popular variety of plums, ‘Shiro’. It is a moderately sweet fruit, with characteristic 

semi-transparent skin upon ripening. The fruit colour changes from green to golden-

yellow during the ripening process. A major problem of ‘Shiro’ is its nature to change from 

opaque to translucent skin during storage.  

4.2.1.3.1 Physiological loss in weight 

 The weight loss during storage was recorded and the statistical analysis of the 

percentage weight loss showed no significant interaction in both the storage conditions. 

In ambient condition, control and HEF prepared from 1:2:5 ratio polymer solution 

exhibited similar loss percentage while 1:5:5 HEF had significantly higher loss. The 

interaction of age of fiber and the ratio of polymer showed significant difference in the 

percentage weight loss. Fiber prepared 15 days in advance from the 1:5:5 polymer ratio 

exhibited higher loss compared to other treatment combination and control in both storage 

condition. However, the effect polymer ratio did not vary significantly in the cold storage. 

In essence, there was no effect of any treatment on PLW. 
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4.2.1.3.2 Firmness 

 The maintenance of firmness is one of the main shelf life parameters to keep the 

fruits fresh for longer period. ‘Shiro’ plums that were stored with HEF maintained the 

firmness irrespective of the storage condition and the age of fiber, compared to the 

untreated fruits. However, their interaction did not show any significant effect on the 

firmness in both the storage condition. 

4.2.1.3.3 Total Soluble Solids 

The effect of fiber prepared from different polymer solution on different time period 

showed significant difference in the TSS of ‘Shiro’ compared to control. Under ambient 

condition (Fig 4.10), on 15th day, control fruits exhibited significantly (P<0.001) higher TSS 

compared to the treated and similar result was observed on the 40th day of observation 

in cold storage. (Fig 4.11) The TSS of the plum did not vary based on the age of fiber, 

indicating the effectiveness of fiber stability when stored in 0% RH. This shows that 

ripening is slowed down in the presence of HEF. 
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Fig 4.10. Effect of HEF on the TSS of Shiro plums stored under ambient condition 20±2ºC. 
The untreated fruits are the control and the data shown is the mean value with standard 
errors. T1 and T2 indicates the fiber prepared from the polymer solution ratio 1:2:5 and 
1:5:5 respectively. F2 and F3 indicates the day fiber prepared 7 and 15 days in advance 
to the treatment to understand the fiber storage life. * represent data that has significantly 
higher TSS compared to other treatment.  
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Fig 4.11. Effect of HEF on the TSS of Shiro plums stored under cold condition (0±2ºC). 
The untreated fruits are the control and the data shown is the mean value with standard 
errors. T1 and T2 indicates the fiber prepared from the polymer solution ratio 1:2:5 and 
1:5:5 respectively. F2 and F3 indicates the day fiber prepared 7 and 15 days in advance 
to the treatment to understand the fiber storage life. * represent data that has significantly 
higher TSS compared to other treatment.  
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4.2.1.3.4 Colour 

 The L, a, b observation of fruit colour was not affected by any of HEF nor the age 

of fiber. The colour of the fruit changed from green to golden yellow and the texture of the 

skin changed from opaque to translucent at the end of the observation time. Unlike the 

other variety V99051, a brown spot was observed on the surface of the fruit treated with 

the fiber prepared from the polymer ratio of 1:2:5 of HZP which possibly could be due to 

hexanal injury (Fig 4.13). So, treating ‘Shiro’ with HEF did not reduce the occurrence of 

translucence.  
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Fig 4.12 Visual changes in the appearance of ‘Shiro’ plum in control and treated stored in 
ambient and cold storage condition. T1 and T2 indicates the fiber prepared from the 
polymer solution ratio 1:2:5 and 1:5:5 respectively. In image D7 and D15 indicates the 
day fiber prepared 7 and 15 days in advance to the treatment and D0 is the freshly 
prepared fiber on the day of treatment. Image taken on day 0 (a), day 10 (b) and day 40 
(c). 
 

 

 

Fig 4.13. Hexanal injury observed under ambient condition on 10th day after treatment on 

the ‘Shiro’ plums treated with HEF prepared from 1:2:5 ratio of HZP polymer solution. 

  

c. a. b. 
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 To summarize, exposing various fruits to HEF extended their shelf life in general 

and showed better firmness in ‘Veeblush’ peach and ‘V99051’ plums. In addition, HEF 

also prevented percentage weight loss in both cold and ambient storage conditions. In 

‘Shiro’ plums, the TSS of the fruits were maintained until the end of the observation 

indicating the delay in the conversion to sugar that occurs during the fruit ripening 

process. Among the polymer formulations, fiber prepared from the ratio of 1:2:5 showed 

better enhancement of shelf life qualities compared to 1:5:5 ratio of hexanal to zein-PEO 

polymer blend. The effect of age of fiber in enhancing the quality parameter did not vary 

significantly indicating that the storage of fiber under 0% RH does not decline the ability 

of hexanal encapsulated in the fiber in extending the post harvest shelf life.  

4.2.2 Effect of hexanal encapsulated fiber in combination with enhanced freshness 

formulation in maintaining the quality parameters of fruits  

 The fiber prepared from the polymer ratio of 1:2:5 of HZP polymer solution was 

used as the result of its improvement in the shelf life parameters of ‘Veeblush’ peach and 

‘V99051’ and ‘Shiro’ plums as detailed in previous experiment. The freshly prepared fiber 

and 2 week old fiber were used to confirm the stability of hexanal in the fiber.  The treated 

fruits were stored in two different conditions viz., ambient condition (20±2°C) and cold 

condition (0±2°C).  

4.2.2.1 Nectarines 

 The shelf life parameters of nectarine varieties ‘V208055’ and ‘Fantasia’ were 

analyzed for the effect of HEF alone and in combination with the EFF having hexanal as 

active ingredient.  
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4.2.2.1.1 Physiological loss in weight 

 Exposing both ‘V208055’ and ‘Fantasia’ nectarines to HEF after a dip treatment 

with EFF seems to reduce the percentage loss of weight, in both cold and ambient 

conditions. However, the results were not statistically significant in most cases. In all 

cases untreated fruits exhibited a higher PLW, thus suggesting that HEF slows down the 

PLW in nectarines.  (Table 4.3 a and b).  

  



92 
 

Table 4.3: Effect of electrospun fiber encapsulating hexanal prepared from 1:2:5 hexanal, zein-PEO polymer solution during 
different time period and effect of fiber along with EFF on the physiological loss of weight stored in ambient and cold storage 
condition. 

 

  

a. Ambient storage 

Treatment Days after treatment 

Polymer 
ratio 

Day of fiber 
preparation 

5 10 15 

V208055 

Fiber 0 (F1) 0.98±1.7b 3.01±1.7ab 5.74±1.7ab 

15 (F2) 3.11±1.7ab 4.14±1.7ab 5.16±1.7ab 

Fiber + 
EFF 

0 (F1) 3.15±1.7ab 6.30±1.7ab 7.59±1.7ab 

15 (F2) 2.49±1.7ab 3.79±1.7ab 6.58±1.7ab 

Control 2.85±1.7ab 6.59±1.7ab 7.83±1.7ab 

Control (EFF) 1.36±1.7ab 5.75±1.7ab 9.78±1.7a 

Fantasia 

Fiber 0 (F1) 1.07±0.9c 1.66±0.9bc 2.87±0.9abc 

15 (F2) 0.67±0.9c 3.62±0.9abc 6.33±0.9ab 

Fiber + 
EFF 

0 (F1) 0.63±0.9c 1.73±0.9bc 2.35±0.9abc 

15 (F2) 1.05±0.9c 2.28±0.9abc 2.94±0.9abc 

Control 3.03±0.9abc 5.12±0.9abc 7.00±0.9a 

Control (EFF) 0.68±0.9c 2.32±0.9abc 4.00±0.9abc 
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*Data shown is the mean ± standard error of three replicates.  
*Based on Tukey’s mean comparison at 95% confidence, means within rows with same  
letters are not significantly different. 
  

b. Cold storage 

Treatment Days after treatment 

Polymer 
ratio 

Day of fiber 
preparation 

5 10 15 20 40 

V208055 

Fiber 0 (F1) 0.56±0.6bc 1.13±0.6abc 3.26±0.6abc 3.67±0.6abc 4.31±0.6ab 

15 (F2) 0.16±0.6c 0.32±0.6abc 0.83±0.6abc 2.50±0.6abc 3.40±0.6abc 

Fiber + 
EFF 

0 (F1) 0.30±0.6c 0.61±0.6bc 0.79±0.6abc 0.96±0.6abc 2.40±0.6abc 

15 (F2) 0.40±0.6c 0.81±0.6abc 1.08±0.6abc 2.21±0.6abc 2.94±0.6abc 

Control 0.41±0.6c 0.82±0.6abc 1.32±0.6abc 1.90±0.6abc 4.54±0.6a 

Control (EFF) 0.38±0.6c 1.25±0.6abc 1.43±0.6abc 2.38±0.6abc 3.61±0.6abc 

Fantasia 

Fiber 0 (F1) 0.90±0.4bc 0.90±0.4bc 1.03±0.4abc 0.77±0.4bc 1.41±0.4abc 

15 (F2) 0.34±0.4c 0.79±0.4bc 1.97±0.4abc 2.21±0.4abc 3.44±0.4a 

Fiber + 
EFF 

0 (F1) 0.78±0.4bc 0.78±0.4bc 1.83±0.4abc 1.83±0.4abc 2.36±0.4abc 

15 (F2) 0.11±0.44c 0.69±0.4bc 1.36±0.4abc 2.16±0.4abc 3.38±0.4a 

Control 0.37±0.44c 0.52±0.4bc 0.67±0.4bc 0.67±0.4bc 2.91±0.4abc 

Control (EFF) 0.46±0.4bc 0.71±0.4bc 0.82±0.4bc 0.82±0.4bc 2.09±0.4ab 



94 
 

4.2.2.1.2 Firmness 

 The firmness of the both the varieties was not influenced by any treatment in both 

ambient and cold storage condition overall. However, in both storage conditions, 

‘V208055’ treated with freshly prepared fiber showed better firmness (P<0.001) at the end 

of the experimental observation (i.e., 15th day observation of ambient condition and 40th 

day observation of cold storage condition) (Fig 4.14).  
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Fig 4.14. Effect of HEF, EFF and its combination on the firmness of ‘V208055’ stored 
under ambient (a) and cold (b). The untreated fruits are the control and C_EFF are the 
fruits treated with EFF. T1 and T2 indicates the fiber alone and combination of fiber and 
EFF treatments. F1 is the freshly prepared fiber on the day of treatment while F2 is the 
fiber prepared 15 days prior to the treatment and stored in 0%RH. The data shown is the 
mean value with standard errors and * represent data that has significantly higher 
firmness (P<0.01) from other treatment and control. 
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 Fig 4.15. Effect of HEF, EFF and its combination on the firmness of ‘Fantasia’ stored 
under ambient (a) and cold (b). The untreated fruits are the control and C_EFF are the 
fruits treated with EFF. T1 and T2 indicates the fiber alone and combination of fiber and 
EFF treatments. F1 is the freshly prepared fiber on the day of treatment while F2 was 
prepared 15 days prior and stored in 0%RH. The data shown is the mean value with 
standard errors and * represent data that has significantly lower firmness compared to 
other treatments.  
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4.2.2.1.3 Total Soluble Solids and Colour  

 TSS consistently declined from the initial day of measurement to the end of the 

study. In both ‘Fantasia’ and V208055, the TSS was not significantly different between 

the treated fruits and control kept in ambient and cold storage conditions. Similarly, the 

fruits had an increase in the intensity of redness upon ripening, but this increase in the 

intensity was similar in both varieties under both storage conditions.  

4.2.2.1.4. Decay percentage and visual changes 

  The fruits in cold storage were mostly in the acceptable conditions and showed 

no decay signs in both the varieties. In the ambient condition fruits treated with HEF alone 

were without any decay and in acceptable condition. Perhaps dipping in EFF increases 

the chance fungal infection due to the increase in surface moisture that favoured fungal 

infection. Visual observation of the fruits under both storage condition shows that the fruits 

treated with the fiber alone were free from fungal growth (Fig 4.16 &17)  
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Fig 4.16 Visual changes in the morphology of ‘V208055’ in control and treated stored in 
ambient and cold storage condition. In the image, Fiber and EFF+Fiber indicates the fiber 
alone and combination of fiber and EFF treatments. The untreated fruits are the control 
and C_EFF are the fruits treated with EFF. D0 and D15 indicates the day fiber prepared 
freshly and 15 days in advance to the treatment. Image taken on day 0 (a), ambient - day 
10 (b), cold - day 40(c).  
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Fig 4.17 Visual changes in the morphology of ‘Fantasia’ nectarines in control and treated 
fruits stored in ambient (a&b) and cold storage condition(c&d). In the image, Fiber and 
EFF+Fiber indicates the fiber alone and combination of fiber and EFF treatments 
respectively. The fruits without treatment with fiber or EFF or its combination are control 
and C_EFF are the fruits treated with EFF. D0 and D15 indicates the day fiber prepared 
freshly and 15 days in advance to the treatment stored in 0% RH. Image taken on day 0 
and day 10 of ambient storage (a & b); day 0 and day 40 for cold storage (c &d). 
  

Ambient  
a
. b

. 

c

. 

d

. 

Ambient  

Cold Cold 



100 
 

4.3.2.2 Pears 

 ‘Anjou’ and ‘Bartlett’ pears were used for this study. ‘Anjou’ pears are egg shaped 

with a green colour skin and the colour change during ripening is very slight. The flesh of 

the fruit is dense, and it has a very mild flavour. ‘Bartlett’ pears are pale green and during 

ripening the colour changes to golden yellow. The flesh is buttery with distinct pear flavor. 

4.3.2.2.1 Physiological loss in weight 

  Both the varieties ‘Anjou’ and ‘Bartlett’ exhibited relatively less PLW compared to 

control or EFF treatment. However, the difference is not statistically significant in ambient 

conditions. In cold storage the fruits were good even after 40 days and the pears exposed 

to HEF showed significantly lower PLW than control. In addition to that, it was found that 

in both the storage conditions, the age of the fiber did not affect percentage weight loss 

irrespective of the treatment. (Table 4.4 a&b). 
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Table 4.4: Effect of HEF prepared from 1:2:5 HZP polymer solution during different time period and effect of fiber along with 
EFF on the percentage weight loss of ‘Anjou’ and ‘Bartlett’ pears stored in (a) ambient and (b) cold storage condition. 

 

  

a. Ambient storage 

Treatment Days after treatment 

Polymer 
ratio 

Day of fiber 
preparation 

5 10 15 20 

Anjou 

Fiber 0 (F1) 0.55±0.69a 1.60±0.69a 1.19±0.69a 1.43±0.69a 

15 (F2) 0.38±0.69a 1.63±0.69a 0.77±0.69a 0.96±0.69a 

Fiber + 
EFF 

0 (F1) 0.41±0.69a 0.48±0.69a 0.76±0.69a 0.96±0.69a 

15 (F2) 0.32±0.69a 0.79±0.69a 0.81±0.69a 1.08±0.69a 

Control 0.68±0.69a 1.76±0.69a 1.06±0.69a 1.82±0.69a 

Control (EFF) 0.55±0.69a 0.73±0.69a 1.05±0.69a 1.29±0.69a 

Bartlett 

Fiber 0 (F1) 0.65±0.35ef 0.99±0.35def 1.66±0.35b-f 2.89±0.35a-d 

15 (F2) 0.41±0.35f 0.83±0.35ef 1.24±0.35c-f 2.41±0.35b-e 

Fiber + 
EFF 

0 (F1) 0.72±0.35ef 1.04±0.35def 1.37±0.35c-f 3.21±0.35abc 

15 (F2) 1.02±0.35def 1.02±0.35def 1.74±0.35b-f 4.66±0.35a 

Control 0.60±0.35ef 0.78±0.35ef 1.50±0.35b-f 2.88±0.35a-d 

Control (EFF) 0.88±0.35ef 1.22±0.35def 1.89±0.35b-f 3.32±0.35ab 
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*Data shown is the mean ± standard error of three replicates.  
*Based on Tukey’s mean comparison at 95% confidence, means within rows with same  
letters are not significantly different. 
  

b. Cold storage 

Treatment Days after treatment 

Polymer 
ratio 

Day of fiber 
preparation 

5 10 15 20 40 

Anjou 

Fiber 0 (F1) 0.38±0.18ef 0.99±0.18b-f 1.04±0.18b-f 1.18±0.18a-f 1.51±0.18abc 

15 (F2) 
0.27±0.18f 0.86±0.18b-f 0.92±0.18b-f 

1.28±0.18a-
e 1.42±0.18a-d 

Fiber + 
EFF 

0 (F1) 0.45±0.18def 0.58±0.18c-f 0.83±0.18b-f 0.96±0.18b-f 1.28±0.18a-e 

15 (F2) 
0.46±0.18def 0.73±0.18b-f 0.94±0.18b-f 

1.34±0.18a-
e 1.67±0.18ab 

Control 
0.63±0.18c-f 0.82±0.18b-f 1.00±0.18b-f 

1.32±0.18a-
e 2.06±0.18a 

Control (EFF) 0.49±0.18def 0.70±0.18b-f 0.84±0.18b-f 1.06±0.18a-f 1.34±0.18a-e 

Bartlett 

Fiber 0 (F1) 0.74±0.32efg 1.28±0.32c-f 1.70±0.32b-f 2.02±0.32b-f 3.30±0.32ab 

15 (F2) 0.96±0.32d-f 0.96±0.32d-f 1.74±0.32b-f 2.80±0.32a-c 2.94±0.32a-c 

Fiber + 
EFF 

0 (F1) 0.39±0.32g 0.89±0.32efg 1.39±0.32c-f 1.89±0.32b-f 2.70±0.32a-d 

15 (F2) 0.67±0.32efg 0.86±0.32efg 1.35±0.32c-f 2.23±0.32a-f 3.27±0.32ab 

Control 0.87±0.32efg 1.46±0.32c-f 2.04±0.32b-f 3.41±0.32ab 3.87±0.32a 

Control (EFF) 0.59±0.32gf 0.88±0.32efg 0.93±0.32d-f 1.63±0.32b-f 2.44±0.32a-e 
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4.3.2.2.2 Firmness 

 The firmness of ‘Anjou’ and ‘Bartlett’ was not influenced by the interaction of 

treatment and the day of preparation of fiber in both storage condition. However, in 

ambient condition, all the HEF treated fruits showed higher firmness (P<0.05) compared 

to the control. In cold storage, the firmness of ‘Anjou’ treated with any HEF treatment had 

higher firmness than control or EFF alone.  Firmness of both ‘Anjou’ and ‘Bartlett’ in cold 

storage followed the same trend like ambient storage (Fig 4.18 and 4.19). 
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Fig 4.18. Effect of HEF, EFF and its combination on the firmness of ‘Anjou’ stored under 
ambient (a) and cold (b). The untreated fruits are the control and C_EFF are the fruits 
treated with EFF. T1 and T2 indicates the fiber alone and combination of fiber and EFF 
treatments. F1 is the freshly prepared fiber on the day of treatment while F2 was prepared 
15 days prior and stored in 0%RH. The data shown is the mean value with standard errors 
and * represent data that is significantly different from other treatment and control. 
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Fig 4.19. Effect of HEF, EFF and its combination on the firmness of ‘Bartlett’ stored under 
ambient (a) and cold (b). The untreated fruits are the control and C_EFF are the fruits 
treated with EFF. T1 and T2 indicates the fiber alone and combination of fiber and EFF 
treatments. F1 is the freshly prepared fiber on the day of treatment while F2 was prepared 
15 days prior and stored in 0%RH. The data shown is the mean value with standard errors 
and * represent data that has significantly lower firmness than other treatments. 
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4.3.2.2.3 Total Soluble Solids 

 TSS was similar in both ‘Anjou’ and ‘Bartlett’ in both cold and ambient storage 

conditions. The TSS did not show any significant difference due to cultivars or storage 

conditions. Together the results indicate that the ripening process is not affected by these 

treatments (Fig 4.20 & 21). 
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Fig 4.20. Effect of HEF, EFF and its combination on the TSS of ‘Anjou’ stored under 
ambient (a) and cold (b). The untreated fruits are the control and C_EFF are the fruits 
treated with EFF. T1 and T2 indicates the fiber alone and combination of fiber and EFF 
treatments.  F1 is the freshly prepared fiber on the day of treatment while F2 was prepared 
15 days prior and stored in 0% RH. The data shown is the mean value with standard 
errors and * represent data that is significantly different from other treatment and control. 
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Fig 4.21. Effect of HEF, EFF and its combination on the TSS of ‘Bartlett’ stored under 
ambient (a) and cold (b). The untreated fruits are the control and C_EFF are the fruits 
treated with EFF. T1 and T2 indicates the fiber alone and combination of fiber and EFF 
treatments. F1 is the freshly prepared fiber on the day of treatment while F2 was prepared 
15 days prior and stored in 0%RH. The data shown is the mean value with standard errors 
and * represent data that is significantly different from other treatment and control. 
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4.3.2.2.4 Decay percentage and visual observation 

 Fruits in the cold storage did not show any signs of decay in both the varieties until 

the end of the experiment study ie. 40 days. In ambient condition, Anjou pears treated 

with HEF showed a delay in decay while the fruits in the control started turning yellow 

quickly and deteriorated within 15 days.  ‘Anjou’ remained green and fresh as a result of 

HEF or EFF treatment when kept in cold storage even after 40 days, while control fruits 

or fruits treated with EFF alone started turning yellow before 40 days (Fig 4.22). ‘Bartlett’ 

pears showed a similar trend in the decay in ambient and in cold storage with HEF treated 

fruits slightly greener than the controls even after 40 days (Fig 4.23). Together the results 

indicate that HEF treatment delays the post-harvest loss in both cultivars and in both 

storage conditions at least by a few days and there are genetic differences among 

varieties of pears, as in other fruits in their capacity to respond for hexanal treatment. 
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Fig 4.22 Visual changes in the morphology of ‘Anjou’ pears in control and treated stored 
in ambient and cold storage condition. In the image, Fiber and EFF+Fiber indicates the 
fiber alone and combination of fiber and EFF treatments. The untreated fruits are the 
control and C_EFF are the fruits treated with EFF. D0 and D15 indicates the day fiber 
prepared freshly and 15 days in advance to the treatment. Image taken on day 0 - ambient 
(a), day 15 - ambient (b), day 0 – cold (c), cold - day 40(d). 
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Fig 4.23 Visual changes in the morphology of ‘Bartlett’ in control and treated stored in 
ambient and cold storage condition. In the image, Fiber and EFF+Fiber indicates the fiber 
alone and combination of fiber and EFF treatments. The untreated fruits are the control 
and C_EFF are the fruits treated with EFF. D0 and D15 indicates the day fiber prepared 
freshly and 15 days in advance to the treatment. Image taken on day 0 - ambient (a), day 
15 - ambient (b), day 0-cold (c), day 40-cold (d). 
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 The application of hexanal for extending the shelf life of fruits in the form of HEF 

and combination of HEF along with EFF was studied in peach, plum and pear. HZP in the 

ratio of 1:2:5 was found to be most effective in enhancing the shelf life of these fruits. In 

many cases age of the HEF did not seem to affect the results, suggesting that with some 

fine-tuning, hexanal can be loaded into fibers using electrospinning and stored properly 

for a reasonable time. These results add a new dimension to enhance post-harvest 

storage of fruits, even during transit.  

4.3 Discussion  

 Fruit ripening involves several biochemical processes like membrane degradation, 

sugar metabolism, changes in pigmentation, development of volatile aroma compounds 

which all leads to the development of fruit quality (Paliyath et al., 2009). However, these 

processes occur so fast and thus can also lead to fruit loss when not controlled at the 

right stage. It has been proven that by preventing the membrane deterioration, the shelf 

life of fruits can be extended (Paliyath and Subramanian, 2008).  Application of hexanal 

inhibits the activity of phospholipase D which is the key enzyme for the initiation of the 

membrane deterioration process (Paliyath and Subramanian, 2008). Hexanal applied in 

the form of preharvest sprays has been shown to enhance shelf life on various crops like 

sweet cherry (Sharma et al., 2010a), green house tomato (Cheema et al., 2014), guava 

(Gill et al., 2016), mango (Anusuya et al., 2016), strawberry (W. El Kayal et al., 2017), 

papaya (Debysingh et al., 2018) nectarines (Kumar et al., 2018) banana (Yumbya et al., 

2018), sweet oranges (Mwatawala et al., 2018),  and haskap (MacKenzie et al., 2018). 

Further, post-harvest dip applications of hexanal on fruits improved the shelf life of apple 

(Paliyath and Subramanian, 2008), guava (Gill et al., 2016), mango (Preethi et al., 2018), 
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citrus (Mwatawala et al., 2018), banana (Yumbya et al., 2018), papaya (Debysingh et al., 

2018). Hexanal vapour treatment enhanced the post harvest quality of sweet cherry 

(Sharma et al., 2010a), guava (Gill et al., 2016), strawberry (El Kayal et al., 2017) and 

sweet peppers (Cheema et al., 2018). Utto et al., (2008) reported that a single dose 

application of hexanal on tomato does not significantly enhance the physiology and 

quality parameters of the fruit. Multiple spray applications on tomato showed better results 

compared to the single application (Cheema et al., 2014). This could be due to the volatile 

nature of hexanal. Sustained release of hexanal can help achieve critical load of hexanal 

in the fruit storage environment. The active packaging  approach can reduce the addition 

of large quantities of active compound to the packaging environment which can cause 

injury to the fruits (Appendini and Hotchkiss, 2002). 

In this current work, post-harvest treatment with hexanal was applied in fruit 

packaging system in the form of electrospun fiber prepared from the polymer blend 

containing hexanal, zein and PEO in the ratio of 1:2:5 and 1:5:5. The rational to vary the 

ratio of zein is that hexanal being volatile in nature, it requires a high barrier material (zein) 

to prevent it from permeation (Appendini and Hotchkiss, 2002) and hence the ratio of 

hexanal and PEO was kept constant while changing the zein ratio in the polymer solution 

to improve the retention of hexanal in the fiber until its release.  

Weight loss is an important quality parameter in the shelf life study. The weight 

loss of fruits is mainly due to the metabolic process like respiration which result in the loss 

of water (Khan et al., 2013). Generally during fruit storage, the maximum acceptable 

percentage of weight loss is 5% and marketability of fruits is reduced above this level 

(BVc et al., 2009). The weight losses of 9-13% was observed on untreated peach, plums 
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and nectarines when stored in the ambient condition. However, fruits treated with HEF 

exhibited less than 5% weight loss for a significant period. This indicates that hexanal 

vapour was released, rather steadily by the fibers once the RH reached the trigger point 

and was absorbed by the fruits, slowing down the ripening process which included 

moisture loss. Reduction of percentage weight loss by hexanal has been shown in other 

fruits such as sweet cherry (Sharma et al., 2010b) tomato (Cheema et al., 2014) and 

guava (Gill et al., 2016). Fruits treated in combination with the EFF applied as a dip did 

not vary significantly compared to the fruits treated with HEF alone, thus suggesting the 

use of HEF as a potential alternate mechanism for sustained hexanal delivery. This will 

be especially helpful in soft fruits such as berries where any contact with moisture is 

detrimental to post harvest storage.  

 The loss of cell wall integrity during ripening process often leads to fruit softening 

and a decline of fruit firmness (Solomos and Laties, 1973). HEF treatment maintained 

firmness or slowed down the softening process over time in ‘Veeblush’ peach, V99051 

plum even up to 16 days post harvest, which is a very significant storage period for these 

tender fruits. Other varieties tested also exhibited a slower trend towards softening, 

although the number of days to reach unacceptable softness, varied with cultivar. The 

maintenance of firmness could be due to inhibition of the PLD activity by the released of 

hexanal thereby maintaining the membrane integrity. These are similar to the firmness 

assessment on apples (Paliyath and Subramanian, 2008), sweet cherry (Sharma et al., 

2010b), tomato (Cheema et al., 2014), guava (Gill et al., 2016) and mango (Anusuya et 

al., 2016; Preethi et al., 2018). The result of the combination treatment on nectarines 

varieties ‘V208055’ and ‘Fantasia’, showed the fruits treated with EFF formulation and 
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kept in the container with fiber exhibited lower firmness compared to HEF. Fruits dipped 

in the EFF and stored in the container developed latent fungal growth which resulted in 

the fruit decay. This could be the cause of reduced firmness in the EFF treated fruits, 

while the fruits in the HEF containers absorbed hexanal released from the fiber and 

inhibited the PLD activity thus maintained the firmness through membrane integrity 

(Kumar et al., 2018). 

  The important deciding factor for consumption is the visual appearance of the fruit 

at the stage when it is ready for market. The fruits treated with HEF retained freshness 

and visual appeal for most of fruits like ‘Veeblush’ peach, ‘V99051’ plums ‘V208055’ and 

‘Fantsia’ nectarines ‘Anjou’ and ‘Bartlett’ pears, which further strengthens the value of this 

product to enhance post-harvest shelf life. Although the cause of infection on the fruits 

were not analysed in this study, previous studies have shown that hexanal does exhibit 

anti-microbial properties (Gardini et al., 1997; Hamilton-Kemp et al., 1995). The reduction 

in microbe induced decay is an additional advantage of hexanal treatment which was also 

observed by Utto et al (2008). Hexanal vapor caused swelling of cell wall and also 

vacuoles were enlarged in the B.cinerea and C. acutatum. It also broke and distorted the 

mycelial strands of C.gleopsporiodes and L. theodromae (Anusha et al., 2016). In 

addition, the fungal decay in the fruits could also be due to the latent infection from the 

field. Although fruits did not show any significant variation in the colour development 

through chromometer measurements, visual observation revealed that treated fruits of 

plums and pears retained green colour for longer period than the control. 

 Total soluble solids increase during storage due to the hydrolysis of starch into 

sugars. After the complete hydrolysis of starch into sugar, TSS decreases due to sugar 
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metabolism during respiration (Wills et al., 1980). None of the fruits tested showed any 

distinct changes in TSS content as a result of hexanal induced post-harvest changes, 

except in plums. In plums the TSS was lower in the treated fruit, which further confirms 

the delay in the ripening process as a result of hexanal application Together, these results 

confirm that hexanal does not impede with normal ripening process, as also observed in 

previous studies (Kumar et al., 2018, Kayal et al., 2017a; Kayal et al., 2017b; Gill et al., 

2016).  

4.4 Conclusion 

 The electrospun fiber prepared from the polymer solution encapsulating hexanal 

enhanced the shelf life of fruits by applying it in the fruit packaging system. Sustained 

release of hexanal from HEF was observed to be advantageous over single dose 

application (Cheema et al., 2018; Utto et al., 2008). Continuous exposure of hexanal to 

the fruits maintains membrane integrity and cell structure by slowing down the catabolic 

breakdown thereby maintain the post harvest quality (Tiwari and Paliyath, 2011, Paliyath 

and Subramanian, 2008). Firmness and visual quality of the fruits were maintained when 

the fruits were treated with the fiber in both ambient and cold storage conditions. The post 

harvest quality of peach and nectarines was increased by 4 days, plums by 5 days and 

pears by 7 days under ambient condition as a result of hexanal treatment using fibers. 

Further, such hexanal loaded fiber treatment helped to keep peach in cold storage without 

any visible quality deterioration up to 40 days after treatment, which will go a long way in 

the post harvest storage and shipping of peach. Plums and pears maintained its greenish 

colour and thus the visual appeal for consumers for up to 40 days under cold storage 

when treated with hexanal encapsulated fiber. Combination treatment of fiber and EFF 
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was found to be effective but the increased moisture content in packaging system, 

enhanced the fungal growth in the system and increased the percentage of fruits that 

were decayed, which is more of an indirect setback due to excess moisture that could be 

avoided in future.  

The findings from this study shows that the HEF can be incorporated in the 

packaging system for enhancing the shelf life of fruits. Continuous exposure of hexanal 

on the fruits prolongs the quality of fruits postharvest without any deterioration. The fact 

that if kept in moisture free conditions, strengthens the case for hexanal encapsulated 

fiber to be produced commercially to attain its maximum potential. 
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CHAPTER 5 

Summary and future work 

Hexanal is a naturally occurring FDA approved bioactive volatile compound which 

is commercially used in flavour industry for its fruity flavour. Hexanal was also known to 

enhance the shelf life of fruits and vegetables by inhibiting the activity of phospholipase 

D (PLD) in the cell membrane thereby maintaining the membrane integrity and 

compartmentalization. Because of this property, hexanal has been successfully used on 

some fruits and vegetables as a preharvest spray, postharvest dip or as a vapour as 

discussed in chapter 2. Hexanal is effective in very low dose and also it acts in a tight 

window before ripening. While significant advancement has been made in the use of 

hexanal as a pre- and post harvest treatment, its use in fruit packages has not been 

studied in detail. Sustainable release of hexanal in the packages can provide enhanced 

shelf life of fruits as it can be released during transit, like the use of ethylene.  

One of the approaches to incorporate hexanal in the packaging is by encapsulating 

it in a suitable polymeric matrix. The choice of polymers to encapsulate hexanal is based 

on its response to external stimuli, such as changes in the environment like temperature, 

relative humidity, pH, light or any other volatiles. Encapsulation of hexanal in polymeric 

fibers using electrospinning has been studied by Lim et al., (2016) (Lim et al., 2016). 

Electrospinning is a non-thermal process that can encapsulate volatile compounds in the 

electrospun fiber. Mihindukulasuriya et al. (2016) encapsulated hexanal in the polymeric 

fiber that is responsive to temperature. Jash and Lim (2018) synthesized hexanal 

precursor which can release hexanal in the presence of 0.1N citric acid. To advance these 

concepts further, hexanal was successfully encapsulated in a polymeric fiber, PEO, using 
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electrospinning. PEO is responsive to relative humidity, which increases in the fruit 

packaging environment, thus releasing the encapsulated hexanal from the fiber.  To 

facilitate sustainable release, zein a high barrier material produced from corn was added 

in the polymer mixture. Apart from being a barrier compound, zein is an amphiphilic 

molecule that created the bonding between hydrophobic hexanal and hydrophilic PEO 

molecules.  

The activated release of hexanal from the fiber due to increase in the RH was 

confirmed by analyzing it in the gas chromatography. Further study using SEM has 

confirmed the structural deterioration and depolymerization of fiber exposed to RH. The 

SEM images also revealed that the hexanal encapsulated fiber can be stored in the 

moisture free environment (0% RH) without any release of hexanal until exposed to RH. 

This confirms the practical utility of HEF in the packaging of fruits thereby extending its 

shelf life. This method of applying hexanal to the fruits is safer as the fruits are not 

contacted directly with hexanal or its formulation which is an added benefit to clear the 

regulatory framework as well as the consumers perception.  

The effect of hexanal vapor released from the HEF in extending the shelf life of 

fruits was analyzed on ‘Veeblush’ peach, ‘V99051’ and ‘Shiro’ plums. The storability of 

HEF was studied by applying fiber that was prepared on the same day of preparation and 

also 7 days and 15 days in prior to treating fruits. The results confirmed that fruits can be 

kept fresh longer due to sustainable release of hexanal, as peach stayed 4 days and 40 

days longer than untreated fruits in ambient and cold storage conditions. Similar results 

on extending the shelf life was observed in the ‘V99051’ plums. Moreover, visual appeal 

is a deciding criterion to choose the fruits that are packed in the transparent packaging 
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materials, which will be enhanced by HEF. However, the effects were not similar in all 

fruit as Shiro plums did not seem to respond as well as V99051 plums. Shiro plums tend 

to get translucent in postharvest storage. It was anticipated that hexanal will reduce the 

translucency, but it did not.  Further sustained release of hexanal also induced some 

injury on Shiro plums. This confirms that there is a genotype dependent interaction with 

hexanal and HEF treatment may need to be fine-tuned for various fruits. Age of HEF in 

enhancing shelf life traits did not vary significantly indicating that the storage of HEF under 

0% RH does not decline the ability of HEF in extending the post-harvest shelf life, which 

makes commercial production of HEF a real possibility.  

Eff has been shown to enhance shelf life of tender fruits when used as a pre or 

post-harvest treatment. Here it has been shown that HEF can enhance post-harvest shelf 

life of some tender fruits. So, it was hypothesized that post-harvest life can be improvised 

by combining these two, by pre-treating fruits with EFF before exposing to HEF. To test 

this hypothesis, this EFF followed by HEF treatment was tested in nectarines (‘Fantasia’ 

and V208055) and pears (‘Anjou’ and ‘Bartlett’). However, both nectarines and pears 

stored in the presence of HEF alone were effective in the packaging. The fruits in the 

control and dipped in EFF showed the incidence of latent fungal growth. This may be due 

to elevated moisture content (as a result of EFF) in the environment which could have 

facilitated the fungal growth. Further research in effectively combining these two methods 

of delivering hexanal to enhance post-harvest shelf life is needed.  

In conclusion, a simple and effective method of exposing fruits to hexanal through 

HEF in sustainable manner during packing and shipping and minimize the requirement of 

cold storage units which is not affordable in many developing countries. Application of 
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HEF in the fruit packaging environment enhances the shelf life of fruits and maintains the 

quality attributes without compromising the natural ripening and its associated benefits. 

This work can be the foundation for future work where compounds like volatile anti-

microbial can be added to HEF. The other aspect that can further this research is to find 

alternative, more precise trigger mechanism where the activation of hexanal release from 

the fiber can be sustained for longer periods, thus keeping the fruits fresh even after long 

distance shipping. This will enable the availability of better quality fruits from different 

parts of world and can contribute to food and nutritional security by reducing the huge 

post-harvest loss in produce. 
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ANNEXURE 

Choice of polymers: Rational 

 The encapsulating polymer choices were based on their response to various 

stimuli such as relative humidity, temperature etc as these parameters change in the 

headspace environment of fruit packaging. Increase in the relative humidity was observed 

over time in the fruit packaging which lead us to use moisture sensitive/ hydrophilic 

polymers for the production of fibers. The hydrophilic polymer poly(ethylene glycol) (PEG) 

has low molecular weight  (6000, 8000Da) was our first choice which reduced the viscosity 

of the solution. Moreover, it did not form desirable fiber structure as described below. The 

ideal polymer observed for fiber formation was poly(ethylene oxide) (100kDa, 300kDa, 

900kDa) that has higher molecular weight compared to PEG. The surfactants (tween 20, 

tween 60) were used to bridge the hydrophilic, encapsulating polymer with the 

hydrophobic and volatile hexanal. Further, surfactants are also known to reduce the vapor 

pressure of the volatile compounds and interfacial energy between two phases i.e 

dispersed and continuous phase (Lim et al., 2016). Addition of surfactants decreased the 

surface tension of the polymer solution leading to unstable fiber formation as seen in the 

Figures 1A, 2A, 4A & 5A. As an alternative to the surfactant, the biopolymer zein was 

chosen and the protocol followed to encapsulate hexanal was based on the encapsulation 

and controlled release of volatile organic compounds (Lim et al., 2016). The modification 

made for the existing protocol was based on the response of fiber to the relative humidity 

which increases in packaging during fruit respiration. The fiber like structure was 

developed while using zein even at the low concentration of 0.001%. Hence several 

concentrations of zein (from 0.001 to 15%) was tried to find out the optimal concentration 

and proper fiber formation was observed at 10% zein. The ratio of hexanal, zein and PEO 
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was altered by keeping the hexanal concentration constant and the fiber formation and 

release of hexanal from the fibers were observed. Higher ratio of zein in the polymer 

solution greatly reduced the release of hexanal from the fiber because at the higher 

relative humidity, zein forms into films arresting the release of hexanal. Higher molecular 

weight of PEO like 900kDa also reduced the release of hexanal from the fiber and the 

optimum choice was found to be 300kDa. Hence the final polymer solution was made 

with hexanal, 300kDa PEO and zein in the ratio of 1:2:5 and 1:5:5.  Results of the various 

studies on polymer formation are provided in Table 1A below. 
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Table 1A: Experiments conducted with different encapsulating polymers and 

biopolymers to encapsulate hexanal in the polymeric fiber and the results of 

those attempts. 

Active 
compound 

Polymers Result Comments 

Hexanal 

poly(ethylene glycol), 
tween 20, paraffin oil 

No proper fiber 
formation 

Low viscosity and 
low surface tension 

poly(ethylene glycol), 
tween 60, paraffin oil 

No proper fiber 
formation 

Low viscosity and 
low surface tension 

poly(ethylene glycol), 
paraffin oil 

No proper fiber 
formation 

Low viscosity 

Nanocomposite – 
Halloysite clay  

No spin dope 
solution was 

formed 
Solution hardening 

poly(ethylene oxide) 
of molecular weight 
100 kDa, tween 20, 

0.001% zein 

No proper fiber 
formation 

Low viscosity and 
low surface tension 

poly(ethylene oxide) 
of molecular weight 
100 kDa, tween 60, 

0.001% zein 

No proper fiber 
formation 

Low viscosity and 
low surface tension 

poly(ethylene oxide) 
of molecular weight 

100 kDa, 0.001% zein 

No proper fiber 
formation 

Low viscosity 

poly(ethylene oxide) 
of molecular weight 
100 kDa, 0.1% zein 

No proper fiber 
formation 

Low viscosity 

poly(ethylene oxide) 
of molecular weight 
100 kDa, 10% zein 

Fiber formation Intermittent spinning 

poly(ethylene oxide) 
of molecular weight 
300 kDa, 10% zein 

Fiber formation Optimized condition 

poly(ethylene oxide) 
of molecular weight 
900 kDa, 10% zein 

Fiber formation 
Release rate was 

very low 
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Fig 1A: Surface morphology of the fiber prepared from other polymer solutions containing 

poly(ethylene glycol), tween 20, paraffin oil and active ingredient hexanal. The low 

viscosity of the polymer solution restricted the formation of fiber. 
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Fig 2A: Surface morphology of the fiber prepared from polymer solutions containing 

poly(ethylene glycol), tween 60, paraffin oil and active ingredient hexanal. The polymer 

solution was low in viscosity that restricted the formation of fiber 
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Fig 3A: Surface morphology of the fiber prepared from other polymer solutions containing 

poly(ethylene glycol), paraffin oil and active ingredient, hexanal. There was no amphiphilic 

molecule to bridge the hydrophilic and hydrophobic compound and the solution was 

viscous and the fiber was wet upon electrospinning. 
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Fig 4A: Surface morphology of the fiber prepared from other polymer solutions containing 

poly(ethylene oxide) of molecular weight 100 kDa, tween 20, 0.001% zein and active 

ingredient, hexanal. The polymer solution was low in viscous and surface tension that 

restricted the formation of fiber. 
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Fig 5A: Surface morphology of the fiber prepared from other polymer solutions containing 

poly(ethylene oxide) of molecular weight 100 kDa, tween 60, 0.001% zein and active 

ingredient, hexanal. The low surface tension of the polymer solution restricted the 

formation of fiber 
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Fig 6A: Surface morphology of the fiber prepared from other polymer solutions containing 

poly(ethylene oxide) of molecular weight 100 kDa, 0.001% zein and active ingredient, 

hexanal. The fiber formation was observed but there was a breakage between droplets 

while the solution was fed in to the electrospinning unit. 
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Fig 7A: Surface morphology of the fiber prepared from other polymer solutions containing 

poly(ethylene oxide) of molecular weight 100 kDa, 0.1% zein and active ingredient, 

hexanal. Intermittent spinning was observed. 
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Fig 8A: Surface morphology of the fiber prepared from other polymer solutions containing 

poly(ethylene oxide) of molecular weight 100 kDa, 1% zein and active ingredient, hexanal. 

Intermittent spinning was observed. 
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Fig 9A: Surface morphology of the fiber prepared from other polymer solutions containing 

poly(ethylene oxide) of molecular weight 100 kDa, 10% zein and active ingredient, 

hexanal.  Fiber formation was observed but the viscosity was unbalanced. 
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Fig 10A: Surface morphology of the fiber prepared from other polymer solutions 

containing poly(ethylene oxide) of molecular weight 300 kDa, 10% zein and active 

ingredient, hexanal.  Proper fiber formation with no bead and no intermittent spinning. 

(Discussed the methodology in section 3.4) 
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Fig 11A: Surface morphology of the fiber prepared from other polymer solutions 

containing poly(ethylene oxide) of molecular weight 900 kDa, 10% zein and active 

ingredient, hexanal.  Proper fiber formation with no bead and no intermittent spinning. 

The proper fiber formation was observed but the hexanal vapour in the headspace was 

very less to accumulate the optimum concentration needed by fruits at 96% RH in 5 hrs. 

 

 


