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ABSTRACT 
 

Triggered Release of Hexanal and Benzaldehyde from their Precursors Encapsulated in 
Poly(lactic acid) and Ethylcellulose Carriers 

 
 

Apratim Jash                    Advisor 
University of Guelph, 2017                    Dr. Loong-Tak Lim 
 

Hexanal and benzaldehyde are naturally occurring antimicrobial aldehydes with (Generally 

recognized as safe) GRAS status. They are useful for shelf-life extension of perishable fruits and 

vegetables. Their high volatility and susceptibility towards oxidative degradation present 

considerable challenges during end-use applications. In this research, precursors of these 

aldehydes with enhanced stability were synthesized using a straightforward partial Schiff base 

reaction which converted them into imidazolidine compounds. Nuclear magnetic resonance 

(NMR) and attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopic 

analyses confirmed the heterocyclic ring-structure of the synthesized precursors. The release of 

aldehyde from the imidazolidine precursors can be achieved by an acid catalyzed hydrolysis 

reaction. To facilitate the end-use applications of these aldehyde precursors, they were 

encapsulated in poly(lactic acid) (PLA) or ethylcellulose (EC) polymer carrier by using 

electrospinning and electrospraying processes, respectively. The addition of an aqueous citric acid 

solution to the precursor-containing carriers triggered the release of aldehydes, the release rate and 

maximal quantity of which were carrier polymer and temperature dependent. Scanning electron 

micrographs (SEM) illustrated substantial morphological differences between pristine and 

precursor loaded carriers. FTIR analyses confirmed that the encapsulation of precursors inside 

PLA and EC carriers was mainly due to physical entrapment. This controlled release system 

developed in this project can potentially be used as a component of active packaging to deliver 

hexanal, benzaldehyde, and other aldehydes.  
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Chapter 1: Introduction 

 

Recent increasing consumer awareness on the importance of additional health and 

physiological benefits of food, beyond their role of fulfilling necessary nutritional and dietary 

requirements, has stimulated considerable consumption of fresh fruits and vegetables. The 

increased demands for fruits and vegetables benefits farmers and various stakeholders. However 

considerable quantities of produce were wasted due to inadequate post-harvest preservation, 

packaging, and handling, resulting in huge financial losses and environmental impacts. Thus, there 

is a need to develop effective technologies to maximize the shelf-life of fruits and vegetables, 

especially in addressing the wastage issues faced by the under-developed regions of the world 

(Salunkhe et al., 1991; Kaur and Kapoor, 2001; Kader, 2002 a, b; Mishra and Gamage, 2007 a; 

Liu, 2013).  

 
Shelf-life of fruits and vegetables can be enhanced using active packaging systems, which 

possess one or more active components that add desirable or scavenge undesired compounds to 

and from the package, respectively. For example, an antimicrobial active packaging system 

delivers antimicrobial species (volatile or non-volatile) to the product and/or package headspace, 

via add-on components (e.g., sachet, film, coating, label), inhibiting the growth of spoilage and 

pathogenic microorganisms to ensure product safety (Labuza and Breene, 1989; Soliva-Fortuny 

and Martıń-Belloso, 2003; Suppakul et al., 2003; Kerry et al., 2006; Lim 2011 a and b; Robertson, 

2016). Many naturally occurring antimicrobial compounds have been investigated by researchers 

for this purpose. For instance, hexanal and benzaldehyde, both are generally recognized as safe 

(GRAS) and are being used as food flavoring agents, exhibit strong antimicrobial activity against 

several microorganisms responsible for spoilage of fruits. Moreover, hexanal is also a potent 
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phospholipase-D (PLD) inhibitor useful for cell membrane preservation in plant tissues (Ramos-

Nino, 1998; Lanciotti et al., 1999; Paliyath et al., 2003; Lanciotti et al., 2004; Neri et al., 2006; 

Rayabaudi-Massilia et al., 2006; Paliyath and Murr, 2007; Ullah et al., 2015). However, these 

aldehydes have high vapor pressures and are susceptible to oxidative degradation, making their 

end-use controlled delivery difficult and encapsulation challenging.  Hence, while these 

antimicrobial volatiles exhibit strong potency under controlled setting in the laboratory, their 

efficacy during end-use application can vary considerably.  

 
The main objective of this research is to develop a carrier system for controlled release of 

hexanal and benzaldehyde. The strategy involves first stabilization of the aldehydes through the 

formation of their imidazolidine precursors, formed by a reversible covalent attachment of the 

aldehyde with a N,N’-di-substituted diamine. Upon activating by a mild aqueous acidic solution, 

the precursor readily releases the aldehyde (Ferm and Riebsomer, 1954; Morinaga et al., 2010; 

Buchs née Levrand et al., 2011). To facilitate end-use delivery, the precursors synthesized were 

further encapsulated in electrosprayed ethylcellulsoe (EC) and electrospun poly(lactic acid) 

carriers (PLA), enabling further manipulation of the release profiles of the aldehydes. These 

carriers can be incorporated inside the packaging material and after their activation, the released 

aldehyde would create a protective antimicrobial-rich environment surrounding the food. As the 

released aldehydes are volatiles, their delivery to food does not require direct contact with the 

carrier component, but rather through evaporation to the headspace followed by condensation to 

food surfaces to exert their antimicrobial effects (Fig.1.1). Expanding this concept further, one or 

more antimicrobial species can be released from a single carrier to achieve synergistic 

antimicrobial efficacy, while reducing the dosage needed for each antimicrobial compound. 
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Following a brief introduction in Chapter 1, Chapter 2 presents a literature review on the 

topics relevant to the current research.  Chapter 3 contextualizes research problems and establishes 

overall research hypotheses, as well as formally defines the research objectives. Chapters 4 and 5 

detail the methodologies developed for controlled released of hexanal and benzaldehydes, as well 

as reporting the findings with rigorous discussion. Chapter 6 presents conclusions and draws key 

implications of this thesis research, as well as proposing outstanding future works.  

 
Fig. 1.1 Conceptual representation of active packaging approach in the present research on using 
precursor loaded carriers to deliver bioactive hexanal and benzaldehyde in a packaged food 
system. 
  

Hx

Hx

Precursor carrier

Triggering agent

Aqueous acid solution

Bz

Bz

Bz

Hx

Hx

Bz BenzaldehydeHx Hexanal
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Chapter 2: Literature Review  

 

2.1 Post harvest preservation of fruits and vegetables with active packaging  

Fresh fruits and vegetables are an important part of the human diet for sustaining health 

(Van Duyn and Pivonka; 2000; Kaur and Kapoor, 2001; Dauchet et al., 2006). However, the 

worldwide supply of fruits and vegetables is insufficient due to post-harvest losses attributable to 

deteriorative reactions (structural, biochemical, physiological, and microbiological) that take place 

during suboptimal storage and mishandling. As a result, most fruits and vegetables have limited 

shelf-life (Salunkhe et al., 1991; Kader, 2002 a, b; Mishra and Gamage, 2007 a).  

 
The quality of fresh fruits and vegetables is determined by a combination of physical (e.g., 

firmness, size, weight), sensory (e.g., texture, flavor, taste, color, odor), compositional, and 

nutritional (e.g., moisture, vitamins, sugars, phytochemicals) attributes (Kader, 2002 a and b; 

Mishra and Gamage, 2007 b). During post-harvest storage, packaging plays a key role to preserve 

the quality and extend the shelf-life of fruits and vegetables by protecting them from mechanical 

damages and limiting their interaction with deleterious environmental factors (oxygen, sunlight, 

and moisture). In addition, packaging also provides containment, convenience, and 

communication functions to facilitate commerce (Soliva-Fortuny and Martıń-Belloso, 2003; 

Suppakul et al., 2003; Robertson, 2016). 

 
“Active packaging” was introduced as an effort to enhance the functionality of food 

packaging systems beyond its traditional role of product containment and protection. It helps to 

maintain and enhance the quality and shelf-life of the product and complies with an ever-increasing 

consumer demand of nutritional, minimally processed, safe foods (Labuza and Breene, 1989; 
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Floros et al., 1997; Kerry et al., 2006; Soroka, 2008; Robertson et al., 2016). The integral entity of 

active packaging can be summarized by Robertson’s definition of it: “packaging in which 

subsidiary constituents have been deliberately included in or on either the packaging material or 

the package headspace to enhance the performance of the package system” (Robertson, 2016). 

Selected examples of several active packaging components, along with their mechanism are 

presented in Table 2.1. 

 

Table 2.1 Selected examples of active packaging systems, their mechanism of action, and utilities. 
Adapted from Labuza and Breene (1989); Floros et al. (1997); Ozdemir and Floros (2004).   
 

Active 

packaging 

Mode of action Utility 

 

Oxygen 

scavenger 

 

Chemical system- Absorption of O2 by 

oxidation of a reduced compound (e.g. ferrous 

oxide powder, ferrous carbonate etc.) 

catalytic conversion of oxygen to water 

vapor, Oxidation of photosensitive dyes (e.g. 

Zero2TM) 

Enzymatic system- Catalytic activity of a 

specific enzyme in a reaction that absorbs 

oxygen (e.g. alcohol oxidase-ethanol vapor, 

glucose oxidase-glucose). 

 

• Prevents the growth of 

aerobic microorganisms. 

• Restricts unwanted 

changes in flavors, odors, 

or color through oxidative 

pathways. 

 

Carbon 

dioxide 

emitter 

 

Generation of CO2 by reacting ferrous 

carbonate with metal halide or ascorbic acid 

and sodium bicarbonate. Usually used in 

combination with oxygen scavengers. 

 

• Restricts microbial 

growth.  

• Slows down respiration 

rate in fruits and produce 

to delay ripening. 
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Carbon 

dioxide 

scavenger 

 

Hydration of calcium oxide to produce 

calcium hydroxide, which absorbs CO2 and 

converts into calcium carbonate.  

 

 

 

• Scavenges CO2 released 

from freshly roasted 

coffee and prevents the 

package from crushing.  

 

Moisture 

scavenger 

 

Absorption of moisture by silica gel, natural 

clays (e.g., montmorillonite), molecular 

sieves, calcium oxide, modified starch, 

propylene glycol, and polyvinyl alcohol.  

 

 

• Decreases water activity 

and suppresses growth of 

microbes. 

• Prevents formation of 

foggy films. 

 

Ethylene 

scavenger 

 
 

 

Absorption of ethylene by organometallic 

compounds or oxidizing agents (e.g. silica 

gel-potassium permanganate, activated 

charcoal, bentonite, Kieselguhr, Fuller's earth, 

silicon dioxide powder etc.). 

 

• Provides a longer shelf 

life to climacteric fruits 

by absorbing released 

ethylene, which 

stimulates various growth 

hormones responsible for 

ripening and senescence. 

 

Flavor 

emitter 

 

Addition of various food flavors inside the 

packaging and their controlled release.  

 

• Restores flavor 

components lost due to 

high temperature 

processing, various stages 

of handling and 

processing, as well as 

counters flavor scalping 

through packaging 

material. 
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• Increases consumers’ 

perception and likelihood 

towards the product by 

providing a better flavor 

profile. 

 

Flavor 

scavengers 

 

 

Various flavor absorbing materials such as 

baking soda, cellulose acetate-butyrate, active 

charcoal etc.  

 

 

• Absorbs undesirable 

aromas, odors, and 

flavors generated in the 

headspace of the package. 

• Mask the off flavors 

generated through 

lipolytic and proteolytic 

rancid pathways.   

• Increases consumers’ 

perception and likelihood 

towards the product.   

 

Antimicrobial 

releasing 

agent 

 

 

Incorporation of various synthetic (e.g. 

organic acids and salts, alcohol, chelating 

agents, fatty acids, fungicides), naturally 

occurring volatile and non-volatile 

antimicrobial compounds (e.g. enzymes, 

bacteriocins, antioxidants, antibiotics, 

polysaccharides, plant volatiles, probiotics) 

inside the packaging and their controlled 

release.  

 

• Ceases the growth of 

various pathogenic and 

nonpathogenic microbes 

responsible for food 

spoilage.  
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2.2 Antimicrobial active packaging  

Antimicrobial active packaging inhibits the growth of spoilage and pathogenic 

microorganisms in food to extend product shelf-life and increase safety. A typical approach 

involves incorporating the antimicrobial agent within the packaging structure or including an 

auxiliary carrier component within the package in the form of sachet, film, or label. The migration 

of antimicrobial agents to the packaged product can be either by diffusion through direct surface 

contact or indirectly through first evaporation to the headspace, followed by condensation onto 

product surfaces (Ozdemir, 1999; Han and Floros, 1997; Ouattara et al, 2000; Ozdemir and Floros, 

2004).  Non-volatile antimicrobial agents require direct contact with the food matrix, while volatile 

and gaseous antimicrobials can be delivered indirectly through controlled release into the 

headspace. The latter is, in essence, a passive modified atmosphere packaging approach that 

generates an atmosphere inside the package to protect the product. This mode of delivery can be 

useful as volatiles can penetrate into the crevices and voids on the surface of the products to exert 

antimicrobial properties (Labuza and Breene, 1989; Han, 2003; Siró, 2012). 

 
Recent consumer preference of natural food ingredients has prompted food producers to 

re-formulate their products with “clean labels”, thereby increasing the demand for naturally 

occurring antimicrobial agents, such as  low molecular weight organic acids (Olivas et al, 2003; 

Mani-López et al., 2012), ketones (Dorman and Deans, 2000; Ruberto and Baratta, 2000), alcohols 

(Bagamboula, 2004; Braga et al., 2008; Zheng et al., 2013), essential oils (Dorman and Deans, 

2000; Burt, 2004), and aldehydes (Nandi, 1977; Dorman and Deans, 2000; Delaquis et al., 2002). 

Active packaging systems comprising one or more of the aforementioned compounds can be 

projected as a safe, sustainable, next generation packaging technology.  
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2.3 Volatile naturally occurring antimicrobial aldehydes  

Aldehydes have an sp2-hybridized planar carbon center connected to an oxygen and a 

hydrogen via a double and single bond, respectively. The antimicrobial properties of aldehydes 

can be attributed to their reactive formyl (–CHO) group that reacts with amino and sulfhydryl 

residues of proteins in the cytoplasmic membrane, causing increased permeability and impairment 

of cellular physicochemical processes (Hugo, 1967; Ramos-Nino et al., 1998; Trombetta et al., 

2002; Gill and Holley, 2004). Both aromatic and aliphatic aldehydes are extensively used as 

preservative agents due to their broad spectrum of antimicrobial efficacy, promising for inhibiting 

the growth of spoilage microorganisms. Moreover, some aldehydes like hexanal, can delay 

ripening, senescence, and color changes in fruits and vegetables (Salunkhe et al., 1991; Kader, 

1997; Nandi, 1977; Paliyath et al., 1999; Dorman and Deans, 2000).  In the following section, 

antimicrobial properties of two aldehydes, namely hexanal and benzaldehyde are being explored.  

 

2.3.1 Hexanal  

Hexanal (Fig.2.1) is a naturally occurring six-carbon aliphatic aldehyde. It is acknowledged 

as a GRAS food additive and flavoring agent by USFDA (United States Food and Drug 

Administration) and FAO (Food and Agriculture Organization). It is often found naturally in fruits 

and vegetables (e.g., tomatoes, olives, mangoes, cucumbers), and contributes to their characteristic 

green flavor. In wounded and ripened fruits, fatty acid degradation through the lipoxygenase 

pathway leads to the production of hexanal and other six carbon aldehydes that play an important 

role in the defense mechanism of plant cells to prevent microbial proliferation in the damaged 

tissues (Hildebrand et al., 1988; Casey et al., 1999; Patrignani et al., 2008). These aldehydes also 
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form esters and alcohols responsible for the characteristic fruity odor (Paillard, 1986; Paillard, 

1990).  

 
The antimicrobial properties of hexanal are well documented in the literature (Gardini et 

al. 1997, Lanciotti et al. 1999; Lanciotti et al., 2004; Kubo et al., 1999; Kubo et al., 2004; Corbo 

et al. 2000), which can be largely attributed to its interaction with microbial cytoplasmic 

membrane, causing increased membrane permeability and leading to cell death (Russell and 

Chopra 1990; Simons et al., 2000). In their research, Lanciotti et al. (1999) evaluated effects of 

hexanal vapor to enhance the shelf-life of freshly cut apple slices and its ability to inhibit growth 

of spoilage organisms at two different storage temperatures (4 and 15°C). Their results 

demonstrated that treatment with hexanal (0.15 mmol/100 g of fruits) resulted in a substantial 

increase in the shelf-life of apples. At 4oC, the presence of hexanal vapor in the storage atmosphere, 

inhibited growth of mesophilic bacteria along with prolonging the lag phase of psychotropic 

bacteria and at 15oC hexanal completely inhibited the growth mesophilic and psychotropic 

bacteria, mold and yeasts. Also, when tested under a modified atmosphere condition (30% CO2 

and 70% N2), the same concentration of hexanal vapor effectively prevented browning of apple 

slices for a period of 16 days at 15oC (Lanciotti et al., 1999). Song et al. (1996) investigated 

hexanal’s ability to inhibit the growth of fungal species, Botrytis cinerea and Penicillium 

expansum on potato dextrose agar culture media in a humidified and aerobic environment at 22°C. 

According to their findings, treatment with a hexanal vapor concentration of 100 ppm decreased 

the hyphae-growth in both fungi by 50%, whereas a concentration of 450 ppm resulted a complete 

halt to the fungal growth. Furthermore, they inoculated freshly cut apple slices with the above 

mentioned fungal species and treatment with same concentrations of hexanal considerably retarded 

the formation of decay lesion on the apple slices. Moreover, they demonstrated an enhanced 
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production of aroma volatiles in apple slices, which was caused by the conversion of hexanal into 

other volatile aroma compounds (Song et al., 1996).  Corbo et al. (2000) investigated the effects 

of hexanal individually and in combination with trans-2-hexenal to increase the shelf life of freshly 

cut apple slices by inhibiting growth of spoilage yeast Pichia subpellicula, via prolonging its lag 

phase. They found that, the treatment of apples with hexanal and trans-2-hexenal vapor increased 

the shelf-life significantly even when the inoculation of yeast was as high as 103 CFU/g and it was 

subjected to abusive storage conditions (Corbo et al., 2000).  

 

                                         

Fig. 2.1 Chemical structure of hexanal. 

Besides being an antimicrobial, hexanal also elicits enzymatic inhibition properties to delay 

discoloration, softening, ripening, and generation of off-flavors (Paliyath and Murr, 2007; Paliyath 

et al., 2003; Paliyath et al., 2008). During ripening, fruits lose their firmness due to disruption of 

the cell membrane in plant tissues. Activation of phospholipase D (PLD), a ubiquitous lipolytic 

enzyme present in plant cells, initiates degradation of the cellular membrane and accelerates the 

senescence process (Paliyath and Subramanian, 2008).  In cell membrane, phospholipase D 

catalyzes the hydrolysis of phospholipids (phosphatidylethanolamine, phosphatidylcholine, and 

phosphatidylglycerol) into phosphatidic acid and their corresponding head-groups (Galliard, 1980; 

Exton, 1997; Paliyath et al., 1999). The enzyme also accelerates the replacement of phospholipid 

head groups by primary alcohols to yield phosphatidyl alcohol through transphosphatidylation 

reaction (Galliard, 1980, Cockfort, 1996). These phenomena cause a drastic loss in the firmness 

of the fruit (Sang et al., 2001; Paliyath and Subramanian, 2008). Paliyath et al. (1999) reported 

O
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that PLD can be effectively inhibited by primary alcohol hexanol and corresponding aldehyde 

hexanal in the kernel of sweet corn. According to their findings, hexanal exhibits a stronger PLD 

inhibitory action than hexanol due to the absence of hydroxyl group in the former. This hydroxyl 

group can take part in the transphosphatidylation reaction, which can obstruct the hydrolytic 

disruption of the intermediate enzyme-substrate complex (Paliyath et al., 1999). El-Kereamy et al. 

(2009) investigated hexanal’s PLD inhibition activity on plum fruits, which they incubated for 24 

h with a 0.01 % (w/w) hexanal concentration. Treatment of the fruits with hexanal vapor resulted 

in a decrease in the genetic expressions of PLD (El-Kereamy et al., 2009).  The PLD inhibitory 

activity of hexanal is also dependent on the ripening stage of the fruit during its treatment with 

hexanal.  Tiwari and Paliyath (2011) revealed that for tomato fruits, the treatment of dipping the 

fruits in a hexanal formulation (final hexanal concentration 0.001% aqueous (v/v)) slowed the 

ripening process considerably, when the operation was conducted at the mature green stage of the 

fruit.  Tomatoes treated with hexanal also showed a gradual ripening process with a higher 

containment of lycopene and β-carotene than other traditional preservative treatments, such as 

application of 1-methylcyclopropene (Tiwari and Paliyath, 2011).  

 

2.3.2 Benzaldehyde 

Benzaldehyde (Fig. 2.2) is a colorless liquid (106.121 g/mol) with the characteristic smell 

of almond, it is the simplest aromatic aldehyde consisting a formyl substituted phenyl ring. FDA 

approved the use of benzaldehyde as a GRAS food additive and flavoring agent. Benzaldehyde is 

the principal flavoring constituent of the essential oil extracted from the kernels of bitter almonds 

(Prunus amygdalus) as well as from other seeds such as peaches, cherries, plums, and apricots. In 

the kernels of these above-mentioned seeds, benzaldehyde is present in the form of a glycoside, 
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amygdalin, which breaks down into benzaldehyde through enzymatic reactions. (Scott and Scott, 

1922; Butzenlechner et al., 1989; Remaud et al., 1997; Sánchez-Pérez et al., 2008). Benzaldehyde 

also has widespread presence in the essential oils obtained from Rosaceae family plants 

(Roessingh et al., 2007; Azimova and Glushenkova, 2012). Like other aromatic aldehydes,  

benzaldehyde also possesses potent antimicrobial properties, which are attributable to the covalent 

attachment of its carbonyl group with the sulfhydryl groups derived from residues of the amino 

acid, cysteine in microbial cell. These sulfhydryl groups play an important role in active transport 

through cell membrane and oxidative phosphorylation. They also control catalytic activity of 

several enzymes (Morris et al., 1984). Benzaldehyde oxidizes these sulfhydryl groups and hinders 

associated mechanisms in the microbial cell. Also, benzaldehyde’s ability to bind with amino 

groups of protein moieties and metal ions disrupts various membrane and transport phenomena in 

cells and makes it an effective antimicrobial component (Hugo, 1967; Ramos-Nino et al., 1996; 

Ramos-Nino et al., 1998). 

 

 

Fig. 2.2 Chemical structure of benzaldehyde 

 

The antimicrobial activity of benzaldehyde in bitter almond essential oil has proven to be 

effective against several pathogens responsible for fruit spoilage, such as: Bacillus subtilis, 

Serratia marcescens, Acinetobacter calcoacetica, Erwinia carotovora, Escherichia coli, and 

Flavobacterium suaveolens (Deans and Ritchie, 1987). Wilson et al. (1987) used benzaldehyde 

for fumigation of peaches to resist growth of spoilage fungi. Application of benzaldehyde 

O
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completely ceased spore germination in Monilinia fructicola and Botrytis cinerea, when used at a 

concentration of 125 μg. L-1and 25 μL. L-1, respectively (Wilson et al., 1987). In another study, 

Sung et al. (2006) isolated benzaldehyde from the seeds of peach (Prunus persica) to demonstrate 

its inhibitory activity against Tyrophagus putrescentiae, which is known as stored-food mite and 

it is often found in grains and stored food with high protein and fat content. They compared 

benzaldehyde’s acaricidal effect against T. putrescentiaeand with that of other synthetic agents, 

like benzyl benzoate and N, N-Diethyl-meta-toluamide (DEET), and based on in-vitro analysis 

and bioassay, they reported a much lower LD50 value for benzaldehyde (4.23 μg/cm2) than benzyl 

benzoate (9.75 μg/cm2) and DEET (16.26 μg/cm2) (Sung et al., 2006). Ullah et al. (2015) identified 

benzaldehyde as the primary constituent of the toxic chemical excreted by Photorhabdus 

temperata M1021 to kill their insect-hosts. They extracted benzaldehyde from P. temperata 

M1021 and purified it through bioassay-guided fractionation. Benzaldehyde’s insecticidal activity 

was tested on the larvae of honeycomb moth (Galleria mellonella), and injection of benzaldehyde 

(concentration 8 mM) resulted in 100% mortality within 108 hours. Benzaldehyde’s effectivity as 

an antimicrobial agent was also tested on several bacterial (Bacillus anthracis RSC-9, Bacillus 

aryabhattai RSC-7, Pantoea conspicua RSC-6, Citrobacter youngae RSC-5, and Enterobacter 

cowanii RSC-3) and fungal strains (Rhizoctonia solani, Corynespora cassiicola, and Phytophthora 

capsici). They reported that benzaldehyde was able to kill 72-80% of the microorganisms at 

minimum inhibitory concentration (MIC), and the MIC values were observed to be in the range of 

8 - 10 mM for fungal strain and 6 - 10 mM for bacterial strains (Ullah et al., 2015). Alamri et al. 

(2012) used amine-terminated polyacrylonitriles to immobilize benzaldehyde and its derivatives. 

They prepared benzaldehyde containing antimicrobial polymers, which demonstrated great 

inhibitory effects against several gram-negative (Escherichia coli; Pseudomonas aeruginosa; and 
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Salmonella typhi) and gram-positive bacteria (Staphylococcus aureus), along with fungi (Candida 

albicans; Cryptpcoccus neoformans; Aspergillus flavus; and Aspergillus niger) (Alamri et al., 

2012).            

    

2.3.3 Stability of aldehydes   

One of the challenges of using low molecular weight aldehydes in antimicrobial active 

packaging is their volatility. Vapor pressures of hexanal and benzaldehyde are 11.3 and 1.27 mm 

Hg at 25oC, respectively, whereas vapor pressure of water at 25oC is 23.8 mm Hg  (Daubert and 

Danner, 1985; Ambrose et al., 1975). Hence, vaporization loss during storage can be considerable, 

and the required encapsulation process tends to be challenging.   Moreover, when exposed to air, 

both hexanal and benzaldehyde undergo auto-oxidation and convert into respective carboxylic 

acids. This reaction can proceed at room temperature and it is also facilitated by exposure to light 

(Jorissen and van der Beek, 1930; Mulcahy and Watt, 1951; Bawn and Williamson, 1951). Further 

losses can occur via mass transport phenomena such as sorption onto and permeation through 

packaging materials (Appendini and Hotchkiss, 2012), which must be taken into account in order 

to achieve the minimal inhibitory concentration against the target microorganisms. Meanwhile, 

their dosage quantities must be judicially determined to avoid potentially sensory issues, since 

these compounds possess strong odors.  

 

2.4 Stabilization by precursor formation 

Because of their pleasant odor and aroma, bioactive volatiles (e.g. carbonyl compounds, 

alcohols, esters) are often used as major product constituents in cosmetic and perfume industry 

(Berger, 2007). However, the volatility and transitory nature of these compounds tend to reduce 
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their perception time substantially. Controlled release of these bioactive volatiles from their 

precursors, or so-called profragrances, has been explored to enhance their longevity and olfactory 

performance (Watanabe et al., 1993; Gautschi et al., 2001; Starkenmann et al., 2008). A similar 

triggered release mechanism is being exploited in medicine and pharmaceutical industry as well, 

to enhance the bioavailability and prevent premature release of drugs (Duncan, 2003; Khandare 

and Minko, 2006; Seiffert et al., 2010).   The synthesis of these precursors (Fig. 2.3) often involves 

attaching one or more bioactive volatiles to a nonvolatile substrate through the formation of 

covalent bond. Release of bioactives from the precursors is initiated by selective cleavage of the 

covalent bond with one or more triggering agents, such as light, water, oxygen, heat, temperature, 

pH, enzyme, microorganism, etc. (Herrmann et al., 2007 Herrmann, 2010). 

     

Fig. 2.3  Precursor formation for bioactive volatiles and their subsequent release by selective bond 
cleavage in the synthesized precursor, facilitated by a triggering agent. 
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Many volatile compounds useful for shelf-life extension of fruits and vegetables belong to 

the category of alcohols, aldehydes, and ketones. So far, researchers have explored different 

methods to stabilize similar types of bioactive agents to facilitate their end-use applications. Yang 

et al. (2003) produced β-amino alcohol derivatives of fragrant ketones and aldehydes, by reacting 

them with trimethylsilyl cyanide followed by a reduction reaction with lithium aluminium hydride.  

These amino alcohol derivatives can be used as nonvolatile and stable precursors of the carbonyl 

compounds. After being oxidized by sodium periodate or sodium bismuthate, these precursors 

released the bioactive volatiles readily. They were able to synthesize the precursors for lauryl 

aldehyde, lilial, citronellal, benzaldehyde, anisaldehyde, and menthone by using this method 

(Yang et al., 2003). Robles and Bochet (2005) produced a photo-labile α-acetoxy ether precursor 

for aldehydes. The precursor was synthesized by reducing the aldehyde’s corresponding ester by 

di-isobutylaluminium hydride, followed by quenching of the intermediate aluminum hemiacetal 

by acetic anhydride. The exposure of the precursor to UV irradiation resulted in the release of 

aldehydes. They reported controlled release of several aroma volatiles, such as: methional, (R)-

citronellal, and phenylacetaldehyde (Robles and Bochet, 2005). In another study, Womack et al. 

(2004) produced aldoxane-type precursors for several aliphatic and aromatic aldehydes (hexanal, 

decanal, octanal, citronellal, phenylacetaldehyde etc.). The precursor was synthesized by self-

condensation reaction of three identical aldehydes, the condensation reaction was carried out 

below a temperature of 5oC and a 10% potassium hydroxide solution was used as catalyst. After 

further purification, heterocyclic alodoxane compound was obtained. They reported that these 

aldoxane compounds are stable at room temperature but undergo selective bond cleavage as 

temperature increases (60-80oC), releasing the volatile aldehydes (Womack et al., 2004). Buchs et 

al. (2012) demonstrated controlled release of volatile bioactive alcohols through their precursor 
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formation. The precursor was prepared by stabilizing the alcohols with hemiacetal derivatives of 

pyridine-2-carbaldehyde in the presence of metal cations (Zn2+) in organic solvents. Slow and 

sustainable release of alcohol was initiated by the hydrolysis of the precursor (Buchs et al., 2012). 

Imidazolidine compounds have also been investigated to convert volatile aromatic and aliphatic 

aldehydes into non-volatile imidazolidine precursors, through a reversible nucleophilic reaction 

between the aldehyde and an N,N’-disubstituted-1,2-diamine. These imidazolidines can be 

hydrolyzed under mild acidic condition, releasing the aldehyde readily. These aldehyde precursors 

have been applied to the delivery of bioactive volatiles in consumer products, such as fabric 

softener, detergents, soap, shampoo etc.  (Ferm and Riebsomer, 1954; Carpenter and Chadwick, 

1985; Morinaga et al., 2010; Godin et al., 2010; Buchs née Levrand et al., 2011).  

 

2.5 Carriers for aldehyde precursors 

To facilitate the deployment of aldehyde precursors in active packaging system, these 

compounds must be incorporated into a physical carrier through encapsulation. Encapsulation of 

precursors within a polymeric matrix or capsule would increase their longevity along with 

facilitating end-use handling due to embedding of liquid materials into solid matrices. Another 

mode of encapsulation is to control the release of volatiles from precursors under specific 

triggering condition, which can be achieved by choosing an optimum encapsulant material and 

manipulating the micro or nano-structure of the assembly (Lim, 2011 a and b; Lim, 2015).  From 

a food safety standpoint, the polymeric encapsulant needs to be non-toxic with a GRAS status, 

they are often obtained from engineered microbes or plants and by processing of various animal 

and plant waste materials such as stalk and other cellulosic compounds (Gibbs et al., 1999; 

Augustin and Hemar, 2009). So far, several novel techniques such as, electrospinning and 
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spraying; spray drying, cooling, and chilling; lyophilization; inclusion complexation; extrusion 

and fluidized bed coating and the likes, have been adopted for encapsulation in food industry 

(Gouin, 2004; Chen et al., 2006; Madene et al., 2006; Desai and Park, 2005; Luo et al., 2012; 

Robert et al., 2010; Lim, 2015). Among these methods, electrosprayed particulates or electrospun 

membranes can be used as carriers for the precursors. Several research groups have explored the 

feasibility of using electrosprayed or electrospun membranes for the controlled release application 

(Vega-Lugo and Lim 2009; Rieger and Schiffman, 2014; Dai and Lim, 2015; Lim et al., 2015). 

Moreover, during electrospinning, the encapsulation is carried out without application of heat, 

which is useful to avoid thermal degradation of precursor and premature release of aldehyde from 

precursor. Also, the high surface area to volume ratio of electrospun carriers would facilitate the 

triggered release of the volatiles. From the context of this study, a brief literature review on 

electrospinning and electrospraying has been presented in the following section.  

 

2.5.1 Electrospinning and electrospraying 

Electrospinning has been recognized as a simple yet efficient technique to generate 

ultrafine nanofiber (diameter in the range of hundreds of nanometers to a few of micrometers) 

mesh from a polymer solution or melt by the application of electrostatic forces (Doshi and 

Reneker, 1995).  Fig. 2.4 represents a conventional electrospinning setup, where the major 

components are: a capillary spinneret (metallic needle), a high voltage power supply equipment, 

and a collector which is grounded. The polymer solution is usually supplied to the spinneret by a 

pump. Application of electric field at the spinneret causes charge repulsion on the surface of the 

polymer solution, this mutual charge repulsion generates a force in the opposite direction of the 

surface tension. With the increase in applied voltage, the pendant droplet of fluid at the tip of the 
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spinneret elongates towards the grounded collector to form a conical shape commonly known as 

“Taylor cone” (Taylor, 1969). With further increase in applied voltage, a critical value is reached, 

when the force from electrostatic charge repulsion surpasses the surface tension of the polymer 

solution and as a result a charged jet erupts from the apex of the Taylor cone towards the grounded 

collector. In the presence of the applied electric field, the emerging polymer jet undergoes a chaotic 

whipping process with viscoelastic stretching. This results in substantial reduction in the jet 

diameter and facilitates rapid solvent evaporation, and as a result deposition of ultrathin sold fibers 

on the surface of the grounded collector is observed (Frenot and Chronakis, 2003; Huang et al., 

2003; Li and Xia, 2004; Lim, 2015).  

 

 

Fig. 2.4 Schematic representation of a conventional electrospinning setup. 
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Electrospraying is a similar process to electrospinning, and it also involves application of 

high voltage to a polymer solution flowing out of a capillary spinneret, but it produces beads or 

droplets instead of fibers. Electrospinning is often observed for polymer solution with low 

viscosity, low concentration, and for polymers that tend to maintain a compact morphology in a 

solution (Lim, 2015). For electrospraying, during the application of electric field, the repulsive 

charge buildup in the polymer solution is inadequate to overcome the surface tension. Which 

results in congregation of solvent molecules into spherical droplets instead of chain entanglement 

between different molecules of the polymer. These charged droplets or beads then disperse 

themselves on the grounded collector in the form solid particulates with submicron diameter 

(Cloupeau and Prunet‐Foch, 1994; Ramakrishna et al., 2005; Jaworek and Sobczyk, 2008; Lim, 

2015)  

 

2.6 Solubility parameters  

Compatibility between polymer-solvent; polymer-precursor; solvent- precursor; polymer-

released aldehyde, would also have considerable impact on the encapsulation of the precursors in 

the carrier and the final release behavior of the volatiles. Solubility parameters can be used to 

understand and explain the compatibility between various components of the system.  

 
Solubility parameters are extensively used to gain practical insight on the miscibility of 

solvents with polymers. It also gives useful information about component interaction within 

polymer solutions/blends.  The solubility parameters of a material are related to its energy of 

vaporization, which is a representation of the cohesive energy responsible for holding the 

molecules together in liquid state. Hildebrand and Scott (1950) first introduced the “Solubility 

parameters” concept, defined as follows: 
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δ= √c            Eq. 2.1  

c =(E/V)                                 Eq. 2.2 

E = ΔEv = ΔHV – RT                                        Eq. 2.3 

 
where δ is the Hildebrand solubility parameter, c cohesive energy density, E energy of 

vaporization, V molar volume, ΔHV enthalpy of vaporization, R gas constant, and T absolute 

temperature. Materials with a comparable δ value would have higher thermodynamic compatibility 

with each other than those with a considerable difference in their δ values (Hildebrand and Scott, 

1950; Burke, 1984).  

 

2.6.1 Hansen solubility parameters (HSP) 

The Hildebrand solubility parameter has been criticized by some researchers for not 

considering various intermolecular interaction forces, such as hydrogen bonding and polar 

interactions. Hansen addressed this concern by introducing multicomponent solubility parameters, 

also known as Hansen solubility parameters (HSPs). The HSPs include: Hansen dispersion (δD), 

polar interaction (δP), and hydrogen bonding (δH) parameters (Hansen, 2007). The concept behind 

HSPs is based on the idea that a liquid’s total cohesive energy of vaporization is made up of 

energies associated with interatomic dispersion forces (D), the permanent dipole-dipole interactive 

forces acting between molecules (P), and the hydrogen bonding forces (H) due to electron 

exchange between molecules. (Hansen, 2007):  

 
E= ED + EP + EH                                            Eq. 2.4 

 
where, ED. EP. and EH are the energies arising from D, P, and H, respectively. Dividing each 

component of Eq. 2.4 by V gives a relation between δ and HSPs: 
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(E/V) = (ED/V) + (EP/V) + (EH/V)                  ………. Eq. 2.5 

δ2 = δD2 + δP2 + δH2                                    ………. Eq. 2.6 

 
 MPa1/2 is the unit of solubility parameters. Hansen adopted a rigorous experimental procedure to 

determine the values of the parameters for 90 solvents by studying their ability to dissolve 32 

different polymers (Hansen, 1967 a and b). These three HSPs are equivalent to coordinates of a 

point in a three-dimensional Hansen space. Hansen and Skaarup (1967) further developed another 

solubility parameter “distance” (Ra) between two materials: 

  
Ra = [4(δDA - δDB )2 + (δPA - δPB )2 + (δHA -δHB )2] 1/2                                        ………. Eq. 2.7 

 
A small Ra value represents higher compatibility between the two materials. To elucidate the 

solubility behavior of a compound, Hansen introduced the idea of solubility sphere and radius of 

interaction (Ro) which is determined experimentally. For a compound, the solubility sphere has a 

radius of Ro with a center at (δD, δP, δH). While the center of the sphere represents basic chemical 

compatibility of the compound, the radius defines the extent of compatibility, for solvents, whose 

δD, δP, δH values lie within this sphere are compatible with that compound. To understand the 

compatibility between two materials, it is important to know their radius of interaction and the 

center coordinate of the sphere (Hansen, 2007). The ratio of Ro to Ra is defined as relative energy 

difference number (RED), which is a ratio of cohesion energy between a solute and a solvent. A 

RED number greater than one implies that the solvent is located outside of a compound’s solubility 

sphere and has low affinity between the compound and the solvent system.  RED equals to one 

represents boundary condition and partial solubility of the compound in a solvent, while RED less 

than one indicates high solute-solvent affinity (Hansen, 2007).  
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HSPs provide a balance between practicality and exactness in compatibility of various 

solute-solvent systems (Hansen, 2004; Hansen, 2007). Over the years, a series of major 

developments made HSP more accessible to researchers, which includes publication of HSP values 

for 500 polymers and 1200 chemicals by Hansen (Hansen, 2007). Abbott and Hansen, (2008) 

developed an automated neural network method to determine HSP values from “simplified 

molecular input line entry specification (SMILE)” and presented it in the form of a user-friendly 

computer application. In addition to this, Stefanis and Panayiotou (2008) developed a method to 

estimate HSPs of a broad spectrum of pure organic compounds, which includes those with complex 

heterocyclic, multi-ring structures. They considered contributions of all the groups that describe 

the functional and basic molecular structure of a compound to predict its HSPs. 

 
HSP can be used to understand the interaction between solvent-polymer, polymer-polymer, 

encapsulate-encapsulating polymer. Encapsulation of drugs and bioactive volatiles often involves 

dissolving the compound in a polymeric solution followed by the removal of the solvents. The 

material properties of the resulting polymeric matrix are strongly dependent on the solvent systems 

used. Vay et al. (2011) used the concept of HSPs to investigate the effects of solvents during 

encapsulation of a model antipsychotic drug in poly(lactide-co-glycolide) (PLGA) microspheres. 

The encapsulation was carried out using emulsion-solvent evaporation process. As solvent, 

methylene chloride was used independently and in combination with n-butanol or benzyl alcohol. 

HSPs confirmed that benzyl alcohol and N-butanol, respectively, enhances or diminishes the 

drug’s solubility in methylene chloride. With the help of HSPs, they observed that the 

encapsulation efficiency increased when the solvent (methylene chloride-benzyl alcohol) had 

higher dissolving power or affinity for the drug (Vay et al. 2011). Latnikova et al. (2012) 

encapsulated 2-methylbenzothiazole (MeBT), a liquid corrosion inhibitor, in microcapsules 
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prepared by interfacial polymerization of three types of polymers: polyurethane (PU), polyuria 

(PUa), and polyamide (PA), in an aqueous solvent. They applied HSPs to predict the affinity of 

MeBT with encapsulant polymer matrices. They observed core-shell type of microcapsules were 

produced when the polymer (e.g. PA) had limited affinity towards MeBT (MeBT was located 

outside of the polymer’s solubility sphere). Whereas, MeBT’s high affinity towards PU and PUa 

resulted in production of compact microcapsules (Latnikova et al. 2012).  

 
In the context of electrospinning and electrospraying, HSPs can be used to formulate 

optimal solvent or solvent blend to encapsulate the bioactive and manipulate the morphology of 

the electrospun/electrosprayed material. Hass et al. (2010) explored Hansen’s solubility theory to 

formulate a non-toxic binary solvent system for electrospinning of cellulose acetate polymer. The 

binary solvent was developed by blending ketones (acetone or methyl ethyl ketone) with alcohols 

(benzyl alcohol or propylene glycol) or DMSO.  They used HSPs to optimize the solvent to 

produce fiber networks with different degrees of fiber cross-linking. Use of binary solvents 

prepared by mixing low-volatile alcohols and methyl ethyl ketone resulted in formation of fiber 

network with high cross-linking, whereas substitution of methyl ethyl ketone with acetone 

produced fiber network with low degree of cross-linking (Hass et al. 2010). Kurban et al. (2010) 

used coaxial electrospinning for encapsulation of hydride ammonia borane in polystyrene. They 

used HSPs to select and optimize solvents for electrospinning, also the miscibility and 

compatibility between electrospinning solutions were predicted using HSPs. They reported, 

formation of a classical coaxial morphology for fibers spun from immiscible core-shell solutions, 

with successful encapsulation of hydride ammonia borane at the core. Whereas, fibers spun from 

semimiscible or miscible core-shell solutions resulted in formation of highly porous fibers, 

premature release of hydride ammonia borane was observed through these pores (Kurban et al., 
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2010). Lubasova and Martinova (2011) employed HSPs for optimization of solvent to generate 

porous polyvinyl butyral electrospun membrane. They observed that an electrospinning dope or 

solution prepared by blending tetrahydrofuran (THF) and dimethylsulfoxide (DMSO), which has 

high and low affinity towards the polymer respectively, resulted in the formation of porous fiber 

after electrospinning. The affinity between polymer and used solvent blend was calculated using 

HSPs (Lubasova and Martinova, 2011). 
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Chapter 3: Justification, hypothesis, and objectives  

 

From the literature review presented in Chapter 2, it is demonstrated that both hexanal and 

benzaldehyde exhibit strong antimicrobial properties. Along with that, hexanal is also a potent 

PLD inhibitor useful for cell membrane preservation in plant tissues. They can be effectively used 

in antimicrobial active packaging to increase product safety and extend shelf-life. However, as 

these compounds are volatile and susceptible to oxidative degradation, a method to stabilize and 

control the release of these aldehydes is essential. Furthermore, a method to trigger and manipulate 

the release of these aldehydes is critical during end-use packaging application. On the basis of 

findings from the literature review, it is hypothesized that hexanal and benzaldehyde can be 

stabilized through synthetizing their precursor compounds, the triggered release of aldehyde from 

which can be achieved by an external agent. It is further hypothesized that encapsulation of the 

synthesized precursors is required to facilitate end-use packaging and to prevent premature release 

during storage. By dispersing the precursors in an optimal polymer solution followed by 

electrospinning/electrospraying, these compounds can be embedded into solid nonwovens/ 

particulates to facilitate the controlled release of volatiles.  This approach also has a potential to 

incorporate more than one aldehyde precursor in a single polymer matrix, allowing concurrent 

releases of different aldehydes to attain maximal antimicrobial efficacy. 

In accordance with these hypotheses, Chapters 4 and 5 of this thesis detail the 

methodologies developed and findings for stabilizing hexanal and benzaldehyde by converting 

them into non-volatile imidazolidine precursors encapsulated within poly(lactic acid) nonwoven 

and ethylcellulose particulate carriers.   
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The main objectives of Chapters 4 and 5 are mentioned below: 

 

Objectives of Chapter 4 

I. Preparation of a stabilized precursor compound for hexanal followed by encapsulation 

in a carrier to develop a controlled release mechanism;  

II. Study the triggered release behavior of hexanal from the precursor-loaded carriers at 

different temperatures;  

III. Characterization of the precursor and precursor-loaded carriers.  

Objectives of Chapter 5 

I. Stabilization of benzaldehyde by precursor formation;  

II. Individual and combined encapsulation of the synthesized hexanal and benzaldehyde 

precursors in nonwoven PLA carriers, electrospun using a non-toxic solvent;  

III. Investigate the individual and simultaneous release profile of benzaldehyde and 

hexanal from precursor-containing nonwovens.  
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Chapter 4: Triggered release of hexanal from an imidazolidine precursor encapsulated in 

electrosprayed ethylcellulose and electrospun poly(lactic acid) carriers 

 
4.1 Introduction  

Fresh fruits and produce are highly perishable owing to microbial growth and physical 

injury because of improper post-harvest handling. As a result, a considerable amount of fresh fruits 

and vegetables perish every year, especially in regions where optimal storage infrastructure, post-

harvest handling, and packaging are lacking. Food spoilage not only results in considerable 

financial losses, but also causes environmental impacts related to waste management. Thus, 

achieving maximal shelf-life is essential for the distribution and sales of fresh fruits and produce, 

as well as a major challenge for farmers, processors, distributors, and retailers in the global 

economy.  

 
Over the past few decades, to address the increasing consumer concerns on the toxicity of 

preservatives, there is an upsurge in research to explore the use of naturally occurring agents (Lin-

Vien et al., 1991; Soliva-Fortuny and Martıń-Belloso, 2003; Lanciotti et al., 2004; Sharma et al., 

2008). For example, thymol and carvacrol from oregano essential oil have been shown to exhibit 

synergistic antimicrobial activity against Pseudomonas aeruginosa and Staphylococcus aureus 

(Lambert et al., 2001). Salmonella typhimurium was inhibited by a combined treatment with 

thymol, carvacrol, and cinnamaldehyde derived from cinnamon (Zhou et al, 2007). Allyl 

isothiocyanate found in horseradish, mustard seed, and in other Brassicaceae family plants, has 

been shown to be an effective antimicrobial compound against yeast, molds, and bacteria (Delaquis 

and Mazza., 1995; Nadarajah et al., 2005).  Hexanal, a volatile aldehyde produced when plant 

tissues are disrupted, elicits antimicrobial activities against several microorganisms which are 

responsible for spoilage of fresh fruits and vegetables (Song et al., 1996; Lanciotti et al., 1999; 
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Neri et al., 2006; Utto et al., 2008). Hexanal has also been shown to be effective for preserving 

fresh produce by inhibiting phospholipase D, which catalyzes the breakdown of cytoplasmic 

membranes in plant cells (Paliyath et al., 2007; Paliyath et al., 2003; Paliyath and Subramanian, 

2008; Jincy et al., 2017).  

 
Due to its high volatility, various methodologies have been developed to encapsulate 

hexanal to control its release (Almenar et al., 2007; Sáenz-Garza et al., 2013). Nonetheless, 

encapsulation efficiency is often limited due to evaporation loss during the encapsulation process. 

Storage stability can remain an issue depending on the level of protection provided by the 

encapsulant matrices. Moreover, activated rapid release may not be feasible because the mass 

transport through the encapsulant matrix is often diffusion-controlled. Alternatively, the release of 

hexanal can be controlled by deploying a precursor approach. Here, the volatile is released by 

selective cleavage of covalent bonds in the precursor compound, by means of temperature, pH, 

enzymatic/oxidative reactions or light (Morinaga et al., 2010; Godin et al., 2010; Buchs née 

Levrand et al., 2011; Herrmann et al., 2007). Embedding the precursor in a permeable matrix 

would facilitate the release of hexanal from it. Ultrafine polymeric nonwovens or particulates 

generated through electrospinning or electrospraying can be used for this purpose (Doshi and 

Reneker, 1995; Ramakrishna et al., 2005; Schiffman and Schauer, 2008; Sill and von Recum, 

2008; Lim et al., 2015).  

 
Ethyl cellulose (EC) is a stable, non-toxic, biodegradable linear polysaccharide with one 

or more of its hydroxyl groups converted into ether end groups (Koch, 1937; Atalla and Isogai, 

1998; Laredo et al., 2011). Due to its film-forming ability, toughness, and flexibility, EC has found 

widespread application in pharmaceutical and food industries (Akbuǧa, 1991; Iqbal et al., 2002; 
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Desai et al., 2006).  EC with a degree of substitution value over 2.5 is insoluble in water and is 

soluble in various organic solvents (Lewis, 1967). By dissolving it in a suitable solvent, a 

polymeric solution of EC can be transformed into ultrafine beads or fiber for various applications 

(Wu et al., 2005; Park et al., 2007; Yu et al., 2013; Yu et al., 2014). Poly(lactic acid) (PLA) is a 

biodegradable aliphatic polyester with 2-hydroxy propionic acid monomer, derived from sugar, 

starch, and other renewable sources. Its good physical strength, toughness, and barrier properties, 

as well as low toxicity makes the polymer a “green” alternative to petroleum-based polymers for 

packaging of food and consumer products (Siracusa et al., 2008; Lim et al., 2008; Weber et al., 

2002; Auras et al., 2004). PLA can be dissolved in various organic solvents, and transformed into 

fibers of infinitesimal diameter by the aid of electrospinning for various applications, including 

biomedical, drug carrier, and antimicrobial active packaging (Yang et al., 2005; Kim et al., 2006; 

Kenawy et al., 2002; Song et al., 2006; Vega-Lugo and Lim, 2009; Dai and Lim, 2015).  

 
The objectives of this research are to: (i) develop a hexanal precursor compound and 

encapsulate it in polymeric EC and PLA carriers; (ii) study the triggered release behavior of 

hexanal from the precursor-loaded carriers at different temperatures; and (iii) characterization of 

the precursor compound and precursor loaded carriers. 
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4.2 Materials and methods 

4.2.1 Materials 

Hexanal, N,N'-dibenzylethane-1,2-diamine, ethyl cellulose (22 cP, 46-48% ethoxy 

content),  and citric acid monohydrate were purchased from Sigma Aldrich (Oakville, ON, 

Canada). Anhydrous ethanol and chloroform (HPLC grade) were bought from Commercial 

Alcohol (Brampton, ON, Canada) and Fisher Scientific (Ottawa, ON, Canada), respectively.  

Chloroform-d was purchased from Cambridge Isotope Labs (Tewksbury, MA, U.S.A.). PLA 

(6201 D) was donated by Nature Works LLC (Minnetonka, MN, U.S.A.).  

 

4.2.2 Preparation of hexanal precursor  

Hexanal (160 mg) was dissolved in anhydrous ethanol (2 mL), followed by the additional 

of an equimolar amount of N,N’-dibenzylethane-1,2-diamine (384 mg). The resulting solution was 

stirred for 2 h at 22 ± 2oC to form the imidazolidine compound or the hexanal precursor. The 

ethanol solvent was removed by vacuum drying at 40oC. 1H NMR and 13C NMR spectroscopies 

were used to confirm the structure of the synthesized precursor compound. For NMR spectroscopy, 

samples were prepared by mixing 50 μL of vacuum dried imidazolidine compound with 400 μL 

chloroform-d   in a 5 mm NMR tube. NMR spectra were acquired on a Bruker AVANCE 600 MHz 

(14.1 T) NMR spectrometer (Bruker Corporation, Billerica, MA, U.S.A.) at 25oC. Spectral 

assignments were confirmed by a COSY NMR spectrum and comparison of the imidazolidine 

compound’s NMR peaks to those of the starting materials. Spectral analysis was done by the 

software TopSpin™ (Version TS3.5pl6, Bruker Corporation, Billerica, MA, U.S.A.).  
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4.2.3 Spin dope solutions for electrospinning 

For electrospinning, 10% (w/w) EC and 10% (w/w) PLA were prepared as the spin dope 

solutions.  EC solution was prepared by slowly dissolving EC powder in anhydrous ethanol.  For 

PLA spin dope, PLA resin pellets were dissolve in a binary solvent of 9:1 (w:w) chloroform:DMF. 

DMF was used here to suppress the vapor pressure of chloroform to prevent spinneret clogging 

(Zhou and Lim, 2009). The spin dopes were stirred for 12 h at 22 ± 2oC with the aid of a magnetic 

stirrer. The precursor was then dispersed into both of these polymer solutions at 1:9 (w:w) ratio 

and stirred for an additional 2 h to produce a homogeneous solution  for electrospinning.  

 

 4.2.4 Electrospinning                                                                                       

The spin dopes were electrospun using a vertical setup (Fig. 4.1). Solutions were loaded 

into a 3-mL plastic syringe (KD Scientific, Holliston, U.S.A.) fitted with a 20-gauge blunt tip 

stainless steel spinneret connected to the positive electrode of a direct current power supply 

(Model: ES50P-50W/DAM, Gamma High Voltage, Ormond Beach, FL, U.S.A.). A circular 

stainless steel plate, covered with a layer of aluminum foil was used as the collector, and was 

connected to a ground electrode to create a potential difference between the spinneret tip and the 

collector, at a working distance of 28  cm. The syringe was connected to an infusion pump (Model 

780100; KD Scientific Inc., Holliston, MA, U.S.A.) and the polymer solution was pumped at a 

rate of 1.0-1.5 mL/h. A constant voltage of 15 kV was applied throughout the process. 

Electrospinning was carried out within an environmental chamber (Model MLR-350H, Sanyo 

Corporation, Japan) maintained at 22 ± 0.5oC and 10 ± 1% RH.  After eletrospinning the 

membranes were dried for 12 h under vacuum at 40oC to evaporate residual solvents 
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Fig. 4.1 Schematic representation of electrospinning setup with processing parameters.  

 

4.2.5 Scanning electron microscopy 

Scanning electron microscopy (SEM) (Model: S-570, Hitachi High-Technologies 

Corporation, Tokyo, Japan) was used to analyze the morphology of EC particulates and PLA 

fibers. Samples were arbitrarily chosen from three different spots of the membrane, and were 

mounted on metal stubs with double-adhesive carbon tape. A sputter coater (Model: K550, 

Emitech, Kent, U.K.) was used to create a 20 nm conductive layer of gold on the surface of the 

sample. Throughout the analysis an accelerating voltage of 10 kV was maintained. The average 

diameter of fibers was determined from SEM images by taking at least 200 measurements with an 

image processing software (Image Pro-Premier 9.1, Media Cybernetics Inc., Rockville, MD, 

U.S.A.).  

 

+ 15 kV 

28 cm

1.0-1.5 mL/h

Grounded



 46 

4.2.6 Fourier transform infrared (FTIR) analysis 

The interaction between hexanal and N,N’-dibenzylethane-1,2-diamine was investigated 

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

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

FTIR spectra of the precursor, hexanal, and N,N’-dibenzylethane-1,2-diamine were obtained by 

directly adding the samples on top of the diamond ATR element. For each sample, an average of 

40 scans were taken in the mid-IR region (600 to 4000 cm-1) at 4 cm-1 resolution. Spectrum analysis 

was done by using IRsolution software (Shimadzu Corporation, Kyoto, Japan). To analyze the 

interaction between precursor and the used polymers, FTIR spectra of pristine and precursor 

containing EC and PLA carriers were compared. For, electrospun/electrosprayed carriers, samples 

were directly mounted and compressed on top of the diamond ATR element. Three spots were 

randomly selected from the nonwovens for analysis.   

   

4.2.7 Headspace analysis 

Hexanal release kinetics from EC and PLA carriers were studied using an automatic 

headspace analysis system (Fig. 4.2), consisting of a gas chromatograph (GC) (GC 6890, Agilent 

Technologies Inc., Santa Clara, CA, U.S.A.) equipped with a flame ionization detector (FID), a 

gas sampling valve, and a stream sampling valve (EMTCA-CE, VICI Valco Instruments, Houston, 

TX, U.S.A.) connected with 1/16” stainless steel tubing. A capillary column (Agilent J&W DB-

624) with dimensions 30 m, 0.53 mm & 3.00 μm was fitted inside the GC. The remaining GC 

parameters are as follows: FID temperature: 200oC; oven temperature: 90oC; air flow rate: 200 

mL/min; H2 flow rate: 50 mL/min; carrier N2 flow rate: 30 mL/min. FID calibration was done by 

measuring standard headspace concentration of known amount of hexanal ranging from 0.2-1.0 
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μL/L. A controller (SRI Instruments Inc., Las Vegas, NV, U.S.A.) equipped with the GC helped 

to generate chromatographs, which were analyzed by PeakSimple software (4.44–64 bit, SRI 

Instruments, CA, U.S.A.). 

 
To study the hexanal release kinetics, precursor-loaded carriers of known weight and 

dimension (~5 cm X 5 cm) were enclosed inside a hermetically sealed glass jar (1000 mL) with a 

lid equipped with a septum, through which the headspace gas was sampled at predetermined time 

intervals with the aid of a sampling needle connected to the sampling port. To trigger the release 

of hexanal from the precursor loaded carriers, 1 mL of 0.1 N citric acid was evenly distributed on 

top of the sample by using a disposable syringe (KD Scientific, Holliston, U.S.A.) fitted with an 

18-gauge needle (BD Precision Glide Needle, NJ, U.S.A.), via the septum of the lid. The release 

of hexanal from the carriers was monitored at 5, 25 and 45oC, representing typical refrigerated, 

ambient, and abusive conditions, respectively.  

 
The amount of hexanal released into the headspace of the jar, at any sampling point, was 

calculated by adding the recorded amount (Mr, μL ) to the accumulated loss (Ml, μL) up to that 

point, where Cr (μL/L) represents the recorded concentration of hexanal at that point. Vb (L) and 

Ve (L) are volume of the glass jar and volume of gas extracted from the headspace of the jar, 

respectively. Mt (μL) is the corrected amount of hexanal released by precursor containing 

membrane at any given sampling point.    

Mr = CrVr                                                                                                              Eq.4.1. 

Ml = ("#$
%&$ Cr-i. Ve)                                           ………. Eq.4.2. 

Mt = Mr + Ml                                                 ………. Eq.4.3. 
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Fig. 4.2 Schematic representation of the automatic GC headspace sampling system to study the 
hexanal release kinetics. 

  

4.2.8 Stability of precursor in electrospun membrane 

A stability test of the hexanal precursor in the nonwoven PLA was conducted over a 36-

day period. Precursor-loaded PLA fibers were stored at room temperature under: (a) vacuum, (b) 

humidified air (100% RH), and (c) dry air condition at glass vacuum desiccators. Three samples 

Column
Vacuum pump

SSV 1

Vent

Lock vacuum Relief vacuum

Pressure gaugePneumatic capacitor

N2

N2

GSV: Gas selection valve
SSV: Stream selection valve
FID: Flame ionization detector

GSV

SSV 0

Open
Connected

FID

Jar Precursor loaded
carrier



 49 

were tested for each of the conditions on 1, 16 and 37th day, and was subjected to the same 

headspace analysis described in Section 4.2.7. 

4.2.9 Data Analysis 

The release kinetics of hexanal was evaluated with an empirical mathematical model based 

on pseudo first-order reaction kinetics: 

Ce−C
Ce−C0

 = 𝑒−𝑘𝑡                                                                                                              ………. Eq. 4.4. 

where C is the hexanal concentration in the headspace at a specific time t, Co is the initial hexanal 

concentration, Ce is the equilibrium hexanal concentration in the headspace at infinite time, and k 

is the diffusion rate constant (Vega-Lugo and Lim, 2009). Values of Ce and k were estimated by 

performing nonlinear regression analysis by using the Solver function incorporated in Microsoft 

Excel spreadsheet (Microsoft Office 365, Redmond, WA, U.S.A.).  Statistical analysis was carried 

out using the software R (Version 3.3.2., R Foundation for Statistical Computing, Vienna, Austria). 

One-way ANOVA was conducted to detect the differences between various factors and treatments 

at a 95% confidence interval level with Tukey's honest significance difference test. All treatments 

were triplicated. 
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4.3 Results and discussion 

4.3.1 Formation and characterization of hexanal precursor 

             The hexanal precursor was synthetized via a simple partial Schiff base reaction between 

N,N’-dibenzylethane-1,2-diamine and hexanal, involving nucleophilic addition of two amino 

groups of the diamine to the carbonyl group of the aliphatic aldehyde, followed by 

dehydrogenation to create a heterocyclic imidazolidine precursor compound, 1,3-dibenzylethane-

2-pentyl imidazolidine (Fig. 4.3). The imidazolidine precursor is susceptible to hydrolysis under 

mild acidic condition, which can trigger the release of hexanal.   

 

 

Fig. 4.3 Formation of 1,3-dibenzylethane-2-pentyl imidazolidine (hexanal precursor) by the 
reaction of N,N’-dibenzylethane-1,2-diamine with hexanal. Acid hydrolysis of produced hexanal 
precursor released the hexanal through a reverse pathway. 

 

NMR spectroscopy was used for the structural confirmation of the synthesized precursor. 

Both 1H and 13C NMR spectroscopies confirmed the heterocyclic ring structure of the precursor 

(Fig. 4.4 a and b): 1H NMR (CDCl3, 600 MHz, δ in ppm): δ = 7.43-7.27 (m, 10H, Ph-H); 4.04 (d, 

J=13.20 Hz, 2H, -Ph-CH2-N-); 3.45 (d, J=13.20, 2H, -Ph-CH2-N-); 3.24 (t, J = 4.08 Hz, 1H, -N-

CH-N-); 3.02-3.00 (m, 2H, (-N-CH2-CH2-N-) or (-N-CH2-CH2-N-) ); 2.51-2.48 (m, 2H, (-N-CH2-
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CH2-N-) or (-N-CH2-CH2-N-)); 1.70-1.30 (m, 8H, -C-C4H8-CH3); 0.96 (t, J=7.23 Hz, 3H, -C-

C4H8-CH3). 13C NMR (CDCl3, 600 MHz, δ in ppm): δ = 139.7 (Ph C(1’)); 128.8 (Ph C(2’) or Ph 

C(3’)); 128.3 (Ph C(2’) or Ph C(3’)); 126.9 (Ph C(4’)); 85.1 (N-CH-N); 58.6 (Ph-CH2-N); 50.6 

(N-CH2-CH2-N ); 32.4-22.8 (-C-C4H8-CH3); 14.2 (-C-C4H8-CH3). These results are agreement 

with the literature (Morinaga et al., 2010; Buchs née Levrand et al., 2011).  

 
Further characterization of the precursor was carried out using ATR-FTIR (Fig. 4.5). The 

spectrum of the precursor shows two strong peaks at 696 cm-1 and 733 cm-1 due to out-of-plane C-

H bending of the mono-substituted benzene ring. Aromatic C=C stretching is responsible for the 

vibration bands at 1400 cm-1-1550 cm-1. No significant shift was observed for these four peaks, 

implying that the two benzene rings from the diamine remained unchanged during the formation 

of the imidazolidine precursor. In the spectrum of the precursor, the absorbance band in between 

2700 and 3000 cm-1 appeared due to symmetric and asymmetric stretching vibrations of C-H in -

(CH2)-, -(CH3) groups, as well as those in the benzene ring. The absorbance band in 1250 cm-1-

1400 cm-1 region is inconclusive. For hexanal, the peak at 1720 cm-1 is due to its characteristic 

carbonyl (–C=O) stretching, which is not present in the precursor spectrum. For N,N’-

dibenzylethane-1,2-diamine, the absorbance band at 1113 cm-1 can be attributed to vibrational 

motion of its secondary amine group (-CH2-NH- CH2-). The absence of 1720 and 1113 cm-1 bands 

confirms the occurrence of the Schiff base reaction during the synthesis of the hexanal precursor, 

as well as the depletion of hexanal and diamine reactants. The covalent coupling of hexanal to 

N,N’-dibenzylethane-1,2-diamine stabilizes the aldehyde from oxidation, as well as preventing it 

from premature evaporation during encapsulation and storage (Lin-Vien et al., 1991; Günzler and 

Gremlich, 2002).  
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Fig. 4.4 (a) 1H NMR and (b) 13C NMR spectra of 1,3-dibenzylethane-2-pentyl imidazolidine. 
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Fig. 4.5 FTIR spectra of 1,3-dibenzylethane-2-pentyl imidazolidine, N,N’-dibenzylethane-1,2-
diamine, and hexanal. 

 

 4.3.2 Morphology of electrospun membrane  

Instead of forming fibers, EC solutions were electro-sprayed into irregular 

particles/aggregates (Fig. 4.6). At higher magnification, the micrograph of the precursor-loaded 

EC solution revealed the presence of incipient nanofibers that connected the beads juxtaposed to 

one another. These observations show that the ethanolic EC solutions were lacking viscoelasticity 

essential to stabilize the polymer jet during the electrospinning process. With low polymer chain 

entanglement, the surface tension force tended to dominate, causing the polymer jet to break up 

into droplets due to Rayleigh instability. Particles shown on Fig. 4.6 appeared to have an outer 

skin that imploded inward, forming folded layers. This phenomenon has been reported in the 

literature. It is believed to be caused by rapid evaporation of volatile solvent from the surface of 

the polymer solution, forming a skin layer that buckles inward due to the differential pressure 
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established (Ramakrishna et al., 2005; Arinstein et al., 2009. Li et al., 2009; Moomand and Lim, 

2015).   

 
By contrast, the PLA spin dope resulted in formation of bead-free electrospun fibers for 

both pristine (Fig. 4.7a) and precursor-loaded (Fig. 4.7b) nonwovens. The pristine PLA fibers 

exhibited porous surface morphology. The formation of pores on the surface of PLA fiber is 

attributable towards difference in volatility between chloroform (vapor pressure: 212 kPa at 20 

°C) and DMF (vapor pressure: 0.49 kPa at 20°C). During phase separation of electrospinning, 

chloroform will evaporate rapidly, leaving behind a considerable amount of DMF. After 

chloroform is evaporated residual DMF will start to evaporate and will leave off imprints on the 

fiber surface in the forms of pores (Boublik., 1984; Bognitzki et al., 2001; Park et al., 2007; 

Honarbakhsh and Pourdeyhimi 2011). On the other hand, the precursor-loaded fibers possessed 

smooth surface morphology with significantly smaller diameter (1.28 ± 0.30 μm; p < 0.05) than 

those of the pristine fibers (2.53 ± 0.57 μm). The significant reduction in diameter for the 

precursor-containing PLA fiber can be attributed to increased bending instability that enhanced 

the stretching of polymer jet, probably due to increased charge density imparted by the addition of 

precursor (Chew et al., 2005; Zhang et al., 2005). The smooth surface morphology could be 

attributed to the reduced volatility of the PLA spin dope due to the vapor pressure depression effect 

of the precursor compound (Arinstein et al., 2009). 
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Fig. 4.6 SEM images of electro-sprayed (a) pristine and (b) precursor-loaded EC particles/ 
aggregates. 

 

 

a b
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Fig. 4.7 SEM images of electrospun: (a) pristine; and (b) precursor-containing PLA membranes. 
In the histograms, the distribution of fibers has been shown, where Y-axis represents fraction in 
different diameter intervals (X-axis). 

 

a b
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4.3.3. FTIR analysis of pristine and precursor containing carriers 

FTIR spectra of pristine EC particulates and PLA nonwovens, along with the precursor-

loaded counterparts, are presented in Figs. 4.8 and 4.9, respectively. For the pristine EC 

particulates (Fig. 4.8), a strong C-O stretching band was observed at 1053 cm-1, which is 

characteristic of the cyclic ether structure of EC backbone. Absorbance bands at 1250-1450 cm-1 

and 2700-3000 cm-1 are caused by the bending and stretching of C-H. The absorbance band at 

3300-3600 cm-1 is due to stretching of the unsubstituted O-H from the EC monomer (Ravindra et 

al., 1999; Desai et al., 2006). For the pristine PLA nonwoven (Fig. 4.9), the characteristic band at 

1750 cm-1 is attributed to -C=O stretching, while 1185, and 1085 cm-1 are due to C-O vibration in 

the ester backbone of PLA. The bands between 1400-1350 cm-1 can be assigned to asymmetric 

and symmetric deformational vibration of C-H in CH3 groups of PLA (Kister et al., 1995; Carrasco 

et al., 2010; Oliveira et al., 2016).   

 
The spectra of precursor-loaded EC and PLA carriers depicted four new bands at 696, 733, 

1452, and 1492 cm-1 due to the aromatic ring vibration in the precursor molecule. For the precursor 

containing carriers, intensity of peaks between 2700-3000 cm-1 has increased, this is due to the 

symmetric and asymmetric stretching of C-H in the precursor molecule.  Both the characteristic 

C-O-C band (1053 cm-1) for EC and –C=O absorbance band (1750 cm-1) for PLA did not show 

detectable frequency shift with the additional of the precursor compound. As well as, no significant 

shift was observed for other major absorbance bands of EC and PLA after incorporation of 

precursor, suggesting that the precursor compound was mainly physically entrapped with the EC 

and PLA matrices.  
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Fig. 4.8 FTIR spectra of electrospun pristine and precursor-containing EC particulates. 

 

Fig. 4.9 FTIR spectra of electrospun pristine and precursor-containing PLA membranes.     
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 4.3.4. Activated release of hexanal from precursor 

The release of hexanal from the precursor-loaded EC and PLA carriers could be activated 

with 0.1 N citric acid via the hydrolysis of the C-N bond on the imidazolidine ring structure. EC 

and PLA were chosen as the carriers for the precursor because their spin dopes could be prepared 

in organic solvents to prevent the hydrolysis of the imidazolidine during spin dope preparation and 

electrospinning. Moreover, both EC and PLA are permeable to water and acid, which is essential 

to activate the release of hexanal from the entrapped precursor compound (Koch, 1937; Wu et al., 

2005; Zhou and Lim, 2009; Vega-Lugo and Lim, 2012). The release profiles of hexanal from the 

two different polymer carriers at 5, 25 and 45 oC are summarized in Fig. 4.10, showing rapid 

release of hexanal within the first ~20 min of activation.  

 

 

 

 

0

0.03

0.06

0.09

0.12

0 15 30 45 60 75 90

H
e
a
d

sp
a
c
e
 c

o
n

c
e
n

tr
a
ti

o
n

(μ
L

/ 
L

.(
m

g
 o

f 
fi

b
e
r
))

Time (min)

Mathematical model
Replicas a

5oC

25oC

45oC



 60 

 
Fig. 4.10 Hexanal release from (a) EC particulates (10% precursor in the polymer solution) (b) 
PLA membrane (10% precursor in the polymer solution) at different temperatures. Solid lines and 
symbols represent fitted curves based on Eq. 4.4 and experimental data, respectively.  

 

The main events that took place during the activated release of hexanal are: (1) permeation 

of acid into the electrospun/electrosprayed carriers; (2) hydrolysis of precursor to form hexanal; 

(3) diffusion of hexanal through the polymer matrix towards the carrier surface; and (4) desorption 

of hexanal from the carrier surface to the air.  Nevertheless, the release trend can be approximated 

using a pseudo first-order kinetic model, Eq. 4.4, with the estimated constants summarized 

in Table 4.1. As shown, difference in hexanal release rate constants for EC and PLA fibers at 5 

and 25oC were not significant (p > 0.05). However, at 45oC, the release rate constant increased 

significantly (p < 0.05). In general, Ce values were higher for PLA than EC, indicating a greater 

overall amount of hexanal released for PLA nonwoven than EC particulates.  The different Ce 

values observed for PLA and EC can be explained using the Hansen solubility parameters (HSP) 
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concept (Table 4.2).  Here, the compatibility of hexanal with EC and PLA can be characterized by 

the following equation:  

 
R2 = 4 (δDA - δDB)2 + (δPA - δPB)2 + (δHA -δHB)2                                   Eq. 4.5. 

 
where, δD, δP, and δH represent Hansen dispersion, polar interaction and hydrogen bonding 

parameters, respectively; subscripts “A″ and “B″ depict the δD, δP, δH values for compounds A 

and B respectively; and R is the distance between the HSP components of compound A and B in 

three dimensional Hansen space. A value of R close to zero indicates great thermodynamic 

compatibility between the two compounds and vice versa (Hansen, 2007; Abbott, 2010).  The 

calculated R values between hexanal and EC (REC), as well as hexanal and PLA(RPLA) were 8.75 

MPa1/2 and 5.84 MPa1/2, respectively (Table 4.2), indicating that hexanal is thermodynamically 

more compatible in PLA than EC. On the basis of the radius values (Ro) obtained from the library 

of HSPiP software package (5.0.04, Hansen Solubility Parameters in Practice, www.hansen-

solubility.com), Hansen sphere for EC and PLA are presented in Fig. 4.11 a and b, along with the 

HSP coordinates for hexanal. The relative energy difference (RED) values, defined as R divided 

by Ro, for EC and PLA are 0.88 and 0.55, respectively. An RED value of less than 1.0 indicates 

high affinity, while higher RED value indicates a decrease in compatibility. Thus, the higher 

release rate of hexanal from the PLA carrier can be attributable to the greater compatibility of 

hexanal with PLA, allowing it to diffuse through the PLA matrix more readily than in the less 

compatible EC matrix. The Ce values increased significantly (p < 0.05) with increasing 

temperature (Table 4.1), due to increased diffusivity and reduced solubility of hexanal in the 

polymer matrices.  

 
 

http://www.hansen-solubility.com)/
http://www.hansen-solubility.com)/
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Table 4.1 Mean ± standard deviation (n=3) values for Eq. 4.4.  In a column, means with different 
superscript letters (a, b, c, d) indicate statistical significant difference (p < 0.05). Statistical analysis 
was done using one-way ANOVA with Tukey's honest significant difference test. 
 

Polymer  Temperature  Ce  k 

  oC  μL. L-1. mg fiber-1  min-1 
       

EC 

 5  0.013 ± 0.002 a  109.382 ± 8.826 a, d 

 25  0.039 ± 0.005 b  139.697 ± 11.096 a 

 45  0.061 ± 0.002 c  199.038 ± 7.725 b 

PLA 

 5  0.032 ± 0.001 b  113.525 ± 17.747 a 

 25  0.062 ± 0.002 c  154.996 ± 8.222 a, c 

 45  0.091 ± 0.003 d  205.885 ± 15.235 b 

 

 

Table 4.2 Hansen solubility parameter (HSP) values of hexanal, EC, and PLA, where δD, δP, and 
δH are parameters for dispersion, polar interaction, and hydrogen bonding, respectively. Values 
were obtained from the library of HSPiP software package (5.0.04, Hansen Solubility Parameters 
in Practice, www.hansen-solubility.com). 
 

Compound   δD   δP   δH   Ro R   RED 

    MPa1/2   MPa1/2   MPa1/2   MPa1/2 MPa1/2    

Hexanal   15.8   8.4   5.3   - -   - 

EC   20.1   6.9   5.9   9.9 8.75   0.88 

PLA   18.6   9.9   6   10.7 5.84   0.55 
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Fig. 4.11 Hansen solubility spheres of (a) EC and (b) PLA. The HSP coordinates of hexanal is 
depicted by the blue dot, while the green dot is the center of EC and PLA spheres. 

 

 4.3.5 Stability of the precursor  

From an end-use application stand point, stability of the precursor in the the carrier is 

important. Precursor-loaded PLA fibers were selected for a stability study, because released 

hexanal has higher compatibility with PLA than EC, also the overall amount of hexanal released 

from PLA nonwoven is significantly (p < 0.05) greater than that from EC particulates (Section 

4.3.4). The stability of hexanal precursor-loaded PLA nonwovens was evaluated under different 

storage conditions up to 37 days. As shown in Fig. 4.12, no significant changes (p > 0.05) were 

observed on the amount of hexanal released from PLA fibers, when stored under vacuum or dry 

air environments.  However, a significant decrease (p < 0.05) on hexanal release was observed 

when the samples were stored in humidified air, which can be attributable to the gradual hydrolysis 

of the imidazolidine precursor during storage. These observations suggest that protecting the active 

ba
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nonwovens from moisture using water barrier packaging materials would be important to ensure 

maximal efficacy during end-use.  

 

 

Fig. 4.12 Maximum amount of hexanal released from precursor containing PLA fiber stored at 
different conditions. different superscript letters (a, b) indicate statistical significant difference (p 
< 0.05). Statistical analysis was done using one-way ANOVA with Tukey's honest significant 
difference test. 
 

4.4 Conclusion 

In this chapter, a hexanal precursor was synthesized using a straight-forward reaction between 

hexanal and N,N’-dibenzylethane-1,2-diamine. 1H NMR and 13C NMR spectroscopies confirmed 

the formation of hexanal precursor 1,3-dibenzylethane-2-pentyl imidazolidine which can be 

hydrolyzed readily under mild acidic conditions to release hexanal vapor. A method was developed 

to encapsulate the precursor compound in polymeric EC particulates and PLA nonwovens to 

facilitate the end-use of the precursor, such as in active food packaging application. Upon 
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activation using citric acid, the hexanal release rate and maximal amount of released hexanal varied 

significantly depending on the carrier polymer used and the release temperature. From FTIR 

analysis, no detectable interaction was detected between the precursor with EC and PLA polymers, 

suggesting that the precursor was physically entrapped with the fiber matrices. Stability studies 

show that the precursor remained stable during storage under dry condition. In conclusion, this 

study shows that the precursor nonwoven system developed is promising to enhance the stability 

and efficacy of hexanal. Further testing on real food systems under typical distribution and storage 

conditions would be essential for the development of active packaging prototypes. 
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Chapter 5: Combined release of hexanal and benzaldehyde from precursors embedded in 

nonwoven poly(lactic acid) (PLA) carriers 

 

5.1 Introduction 

Fresh fruits and vegetables are important components of a healthy diet due to 

phytochemicals that could promote health and prevent chronic diseases (Van't Veeret et al., 1999; 

Kaur and Kapoor, 2001; Lobstein et al., 2004; Slavin and Lloyd, 2012; Liu, 2013). However, 

worldwide consumption of fruits and vegetables is considered insufficient partly due to spoilage 

caused by inadequate preservation (WHO/FAO, 2003). Within a short time-span after harvesting, 

nutritional, sensorial, and organoleptic qualities of fruits and vegetables decline rapidly due to 

deteriorative reactions (chemical, physiological, and microbiological) in addition to physical 

damages. Nevertheless, shelf-life of fruits and vegetables can be substantially improved by various 

post-harvest preservation technologies. For example, antimicrobial active packaging can be 

coupled with modified atmosphere packaging to extend shelf-life and to ensure safety by means 

of releasing antimicrobial species into the package headspace to inhibit spoilage microorganisms 

on the surfaces of food (Labuza and Breene, 1989; Ahvenainen, 2003; Suppakul et al., 2003; 

Ozdemir and Floros, 2010; Siró, 2012). To address the increasing consumers preference for natural 

preservatives over synthetic ones, antimicrobial compounds derived from plants such as essential 

oils (Dorman and Deans, 2000; Burt, 2004), organic acids (Olivas et al, 2003; Mani-López et al., 

2012), aldehydes (Nandi, 1977; Papandreou et al., 2002; Delaquis et al., 2002; Dorman and Deans, 

2000) are being explored by researchers as potent antimicrobial agents for active packaging.  

 
Hexanal and benzaldehyde are approved for food additive and flavoring applications with 

generally recognized as a safe (GRAS) status, they potent antimicrobial agents against various 

foodborne pathogens (Lanciotti et al., 1999; Lanciotti et al., 2004; Ramos-Nino, 1998; Neri et al., 
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2006; Rayabaudi-Massilia et al., 2006; Ullah et al., 2015). Their antimicrobial activities can be 

attributed to the presence of a reactive carbonyl functional group that reacts with the amino and 

sulfhydryl groups of protein moieties present in microbial cytoplasmic membrane, thereby 

disrupting the membrane’s transport function and causing cell death (Hugo, 1967; Trombetta et 

al., 2002). In addition to its antimicrobial activity, hexanal is also known for its effectiveness to 

increase the shelf-life of fruits and vegetables by inhibiting enzymatic activity of phospholipase 

D, which catalyzes the breakdown of cell membranes in plant tissues (Paliyath et al., 2007; 

Paliyath and Subramanian, 2008). Simultaneous exposure of fruits and vegetables to hexanal and 

benzaldehyde may be synergistic in preserving these products. However, since these compounds 

are volatile and susceptible to oxidative degradation (Smith and March 2007; Turek and Stintzing, 

2013), a method is needed to stabilize and control their delivery. Most of the stabilization 

methodologies are based on physical encapsulation processes, during which considerable amounts 

of volatiles are lost due to evaporation. Also, the delivery is diffusion-controlled which can cause 

premature release unless the encapsulates are protected from the environmental factors (e.g., 

moisture, heat).  

 
To address these issues, a method was developed in the present study to convert the 

aldehydes into non-volatile imidazolidine precursor compounds through a reversible reaction 

between the aldehydes and N,N’-disubstituted-1,2-diamine.  The release of the aldehydes from the 

precursors can be initiated by selective cleavage of the newly formed C-N bond, under mild acidic 

conditions (Ferm and Riebsomer, 1954; Morinaga et al., 2010; Godin et al., 2010; Buchs née 

Levrand et al., 2011). To effectively deploy the aldehyde precursors in active packaging 

applications, the imidazolidines are further encapsulated within an electrospun poly(lactic acid) 

(PLA) nonwoven system. High surface area to volume ratio of electrospun fibers would facilitate 
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the triggered release of the volatiles, along with providing ease in handling (Doshi and Reneker, 

1995; Subbiah et al., 2005). PLA was selected as an encapsulant polymer because it is 

biodegradable and food-compatible, and is derived from renewable starch and cellulosic feedstock. 

PLA also solubilizes readily in several organic solvents to form spin dope with optimum 

viscoelastic properties and electrical conductivity conducive for producing submicron fibers using 

electrospinning technique (Garlotta, 2001; Lim et al., 2008; Ramakrishna et al., 2006; Thompson 

et al., 2007; Schiffman and Schauer, 2008; Agarwal et al., 2008; Tawakkal et al., 2014; Lim, 2015). 

This study also applied a low toxicity and non-carcinogenic binary solvent of ethyl formate (EF) 

and dimethyl sulfoxide (DMSO) for spin dope preparation, both of which are non-toxic (ICH, 

2016). The purposes of this research are to: (i) stabilize volatile antimicrobial aldehydes, hexanal 

and benzaldehyde, by their precursor formation and subsequent characterization of the precursor; 

(ii) develop a non-toxic solvent for electrospinning of PLA fibers; (iii) encapsulate the synthesized 

hexanal and benzaldehyde precursors in  nonwoven PLA carriers, individually and together; and 

(iv) study the individual and simultaneous release behavior of hexanal and benzaldehyde from the 

precursor-loaded nonwovens.  
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5.2 Materials and methods 

5.2.1 Materials 

Hexanal, benzaldehyde, EF, citric acid monohydrate, and DMSO, were purchased from 

Sigma Aldrich (Oakville, ON, Canada). PLA (6201 D) was provided by Nature Works LLC 

(Minnetonka, MN, U.S.A.). N,N'-dibenzylethane-1,2-diamine and anhydrous ethanol were 

purchased from Commercial Alcohol (Brampton, ON, Canada) and Alfa Aesar (Haverhill, MA, 

U.S.A.), respectively.  Chloroform-d was purchased from Cambridge Isotope Labs (Tewksbury, 

MA, U.S.A.).  

 

5.2.2 Precursor formation  

Hexanal precursor (HP) was prepared as described in Section 4.2.2. To prepare the 

benzaldehyde precursor (BP), benzaldehyde (170 mg) was dissolved in 2 mL anhydrous ethanol 

and stirred vigorously. An equimolar amount of N,N’-dibenzylethane-1,2-diamine was added to 

the solution and was stirred for 2 h at 22 ± 2oC. The resulting white precipitates formed were 

filtered out and dried under vacuum at 40oC to obtain the desired BP (Jurčıḱ and Wilhelm, 2004). 

13C NMR and 1H NMR spectroscopies were used for structural confirmation of the synthesized 

benzaldehyde precursor. A Bruker AVANCE 600 MHz (14.1 T) NMR spectrometer (Bruker 

Corporation, Billerica, MA, U.S.A.) was used to acquire the NMR spectra. For NMR spectrometry 

sample was prepared in a 5 mm NMR tube by dissolving 50 mg of vacuum dried sample in 400 

μL of deuterated chloroform. TopSpin™ software (Version TS3.5pl6, Bruker Corporation, 

Billerica, MA, U.S.A.) was used for spectral analysis. 

 

 



 76 

5.2.3 Preparation of spin dope solutions for electrospinning 

PLA resin pellets were dissolved in a binary solvent of EF:DMSO (90:10 w:w) and were 

stirred at 64oC for 2 h to obtain a 10% PLA (w/w) solution.  HP and BP were separately dispersed 

in the PLA solution at 10:90 (w:w) ratio to form HP-PLA and BP-PLA spin dopes, respectively. 

The third spin dope (HPBP-PLA) was prepared by dissolving HP and BP together in PLA solution 

at 0.5:0.5:1 (w:w:w) ratio. All three final spin dopes were stirred for 2 h to obtain transparent 

homogenous solutions before electrospinning. 

 

5.2.4 Electrospinning                                                                                          

The spin dopes prepared in Section 5.2.3 were electrospun using a vertical setup. Solution 

was drawn into a 3-mL plastic syringe (KD Scientific, Holliston, U.S.A.) and pumped at a rate of 

5 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 syring and was used as a spinneret. The 

spinneret 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 

volatge of 18 kV.  An aluminum foil covered circular stainless steel plate was used as the collector 

of the electrospun fibers. The collector was attached to a ground electrode to create a potential 

difference between the spinneret and the collector. A working distance of 20 cm was maintained 

between the spinneret tip and the collector. The whole process of electrospinning was conducted 

in an environmental chamber (Model MLR-350H, Sanyo Corporation, Japan) maintained at 10 ± 

1% relative humidity and 22 ± 0.5oC.  Electrospun membranes were dried under vacuum at 40oC 

for 12 h to evaporate the residual solvent.  
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5.2.5 Microstructural analysis 

Scanning electron microscope (SEM) (Model S-570, Hitachi High-Technologies 

Corporation, Tokyo, Japan) was used to examine the morphology of the electrospun fibers. Three 

samples were randomly chosen from the electrospun membranes and mounted 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). An accelerating voltage of 10 kV was 

applied throughout the analysis. The mean fiber diameter was analyzed from micrographs by 

taking 200 measurements using an image processing software (Image Pro-Plus 6.0, Media 

Cybernetics Inc., Bethesda, MD, U.S.A.).  

 

5.2.6 Fourier transformed infrared (FTIR) analysis 

An FTIR spectrometer (Model IRPrestige21, Shimadzu Corporation, Kyoto, Japan) fitted 

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

was used to investigate the interaction between benzaldehyde and N,N’-dibenzylethane-1,2-

diamine. FTIR spectra of benzaldehyde, N,N’-dibenzylethane-1,2-diamine, and BP were acquired 

by scanning the samples on the top of ATR-diamond. For pristine and precursor-loaded 

nonwovens, samples were mounted and compressed on top of the ATR-diamond. Three spots from 

the nonwoven were randomly chosen for analysis.  For each individual sample, spectrum was taken 

by averaging 40 scans at 4 cm-1 resolution in the mid-IR region (600 to 4000 cm-1). Spectrum 

analysis was done by using IRsolution software (Shimadzu Corporation, Kyoto, Japan).  
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5.2.7 Headspace analysis 

An automatic headspace analysis system was used to determine the amounts of released 

aldehydes from the precursor-containing nonwovens. 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”) (Fig. 4.2). 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 benzaldehyde and hexanal ranging from 0.2-1.0 μL/L into 1000 ml 

hermetic glass jars. 

 
Release kinetics of benzaldehyde and hexanal were studied by enclosing the precursor 

containing nonwovens of known weight inside hermetically sealed glass jar. The lid of the jar was 

equipped with a septum, so that the needle of the sampling port could pierce through the lid to 

extract headspace gas at predetermined time intervals.  To trigger the release of volatiles from the 

nonwoven membrane, 1 mL of 1 N citric acid was evenly distributed on top of the precursor 

containing membrane by using a disposable syringe (KD Scientific, Holliston, U.S.A.) fitted with 

an 18-gauge needle (BD Precision Glide Needle, NJ, U.S.A.). The release of volatiles was 

monitored for 5 h at 25oC.  At a given sampling point, the amounts of hexanal and benzaldehyde 
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released were calculated by adding the recorded amount (Mr) to the accumulated amount lost (Ml) 

up to that point:  

 
Mr = CrVr                                                                                      …         Eq.5.1. 

Ml = ∑ (r−1
i=1 Cr-i. Ve)                                           ………. Eq.5.2. 

Mt = Mr + Ml                                     ………. Eq. 5.3. 

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

(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 or benzaldehyde 

released at any given sampling point. 

 

5.2.8 Data Analysis 

Statistical analysis was conducted using the R software (Version 3.3.2., R Foundation for 

Statistical Computing, Vienna, Austria). One-way ANOVA was conducted to detect the 

differences between various factors and treatments at a 95% confidence interval level with Tukey's 

honest significance difference test. All treatments were triplicated. 
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5.3 Result and discussions 

5.3.1 Formation and characterization of benzaldehyde precursor 

The benzaldehyde precursor, 1,3-dibenzylethane-2-phenyl imidazolidine, was synthesized 

through a partial Schiff base reaction (Fig. 5.1), involving intramolecular amino alkylation of the 

secondary amine groups of the diamine with benzaldehyde. The reaction first undergoes 

condensation to produce an intermediate cationic Schiff base followed by rapid cyclization to yield 

the final product (Kallen, 1971; Jurčıḱ and Wilhelm; 2004). The reaction is reversible wherein the 

BP can be hydrolyzed readily by a mild acid (Ferm and Riebsomer, 1954). 

    

 

Fig. 5.1 Formation of 1,3-dibenzylethane-2-phenyl imidazolidine (BP) by the reaction of N,N’-
dibenzylethane-1,2-diamine with benzaldehyde. Acid hydrolysis of produced BP resulted in 
release of benzaldehyde.  

 

Spectroscopic data from both 1H and 13C NMR analyses confirmed the formation of the 

heterocyclic ring structure of the BP (Fig. 5.2 a). 1H NMR (CDCl3, 600 MHz, δ in ppm): δ = 7.70-

7.21 (15H, Ph-H); 3.84 (d, J=13.08 Hz, 2H, -Ph-CH2-N-); 3.25 (d, J=13.08 Hz, 2H, -Ph-CH2-N-

); 3.89 (s, 1H, -N-CH-N-); 3.24-3.21 (m, 2H, (-N-CH2-CH2-N-) or (-N-CH2-CH2-N-) ); 2.56-2.53 

(m, 2H, (-N-CH2-CH2-N-) or (-N-CH2-CH2-N-)). 13C NMR (CDCl3, 600 MHz, δ in ppm): δ = 

N N

+

H2O

H3O+

N,N’-dibenzylethane-1,2-diamine

Benzaldehyde
1,3-dibenzylethane-2-phenyl imidazolidine

O

N N
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139.7 (CH2-Ph-C(1’)); 128.7 (CH2-Ph-C(2’) or CH2-Ph-C (3’)); 128.2 (CH2-Ph-C(2’) or CH2-Ph-

C(3’)); 126.9 (CH2-Ph C(4’)); 140.4 (CH-Ph-C(1’)); 129.6 (CH-Ph-C(2’) or CH-Ph-C (3’)); 128.7 

(CH2-Ph C(4’)); 128.3 (CH-Ph-C(2’) or CH-Ph-C(3’)); 89.1 (N-CH-N); 57.0 (Ph-CH2-N); 50.7 

(N-CH2-CH2-N ). These results are consistent with those published in the literature (Morinaga et 

al., 2010; Buchs née Levrand et al., 2011).  
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Fig. 5.2 (a) 1H NMR and (b) 13C NMR spectra of 1,3-dibenzylethane-2-phenyl imidazolidine. 

 

FTIR spectra of the synthesized 1,3-dibenzylethane-2- phenyl imidazolidine was compared 

against the spectra of benzaldehyde and N,N’-dibenzylethane-1,2-diamine reactants. Absorbance 

signals between 3000 and 2700 cm-1 are related to symmetric and asymmetric C-H stretching 

vibrations. Absorbance band at 1500 -1400 cm-1 is attributable to aromatic C=C stretching. Out of 

plane aromatic C-H bending is responsible for the strong peaks present in between 650 and 800 

cm-1 (Pavia et al., 2008). Vibrations due to carbonyl group of benzaldehydes, which includes C=O 

stretching at 1700 cm-1 and in-plane C-CHO bending at 825 and 1200 cm-1, were not observed, 

implying the formation of the heterocyclic imidazolidine benzaldehyde precursor (Varsányi, 1969; 

Green and Harrison; 1976).  
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Fig. 5.3 FTIR spectra of 1,3-dibenzylethane-2-phenyl imidazolidine, N,N’-dibenzylethane-1,2-
diamine, and benzaldehyde. 

 

5.3.2 Electrospinning solvent selection  

A non-toxic solvent for electrospinning of PLA was selected by using Hansen solubility 

parameters (HSPs). Hansen substituted Hildebrand solubility parameter (δ) by a system of 

multicomponent solubility parameters, based on the justification, that a liquid’s total cohesive 

energy of vaporization is a consortium action of several polar and nonpolar interactive forces 

between the liquid molecules (Hildebrand and Scott, 1950; Hansen, 2007). 

  
δ2 = δD2 + δP2 + δH2                                                           ………. Eq. 5.4. 
 
where δ is Hildebrand solubility parameter; δD, δP, and δH are partial solubility parameters, which 

represent Hansen dispersion, polar interaction and hydrogen bonding parameters, respectively, 

with a unit of MPa1/2. Partial solubility parameters of binary solvent blend can be calculated by: 

δi (blend)= !1δi, 1 + !2δi, 2     (i=D,P,H)                                                                          ………. Eq. 5.5. 
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δi (blend)= 𝝋1δi, 1 + 𝝋2δi, 2     (i=D,P,H)                                                                          ………. Eq. 5.5. 

where 𝝋1 and  𝝋2 represent volume fraction of 1st and 2nd solvent. The compatibility of the polymer 

with the used solvent can be calculated using Eq. 5.6, where, δD, δP, and δH represent Hansen 

dispersion, polar interaction and hydrogen bonding parameters, respectively; subscripts “A″ and 

“B″ depict the δD, δP, δH values for compounds A and B respectively; and R is the distance 

between the HSP components of compound A and B in three dimensional Hansen space. A value 

of R close to zero indicates great thermodynamic compatibility between the two compounds and 

vice versa (Hansen, 2007; Abbott, 2010).   

 
R2 = 4 (δDA - δDB )2 + (δPA - δPB )2 + (δHA -δHB )2                                             ………. Eq. 5.6. 

 
Based on the HSP concept, a blend of 90:10 EF:DMSO was chosen as the solvent for PLA with a 

R value of 6.18 MPa1/2, which is within the range of various solvents previously used by 

researchers to dissolve PLA for electrospinning purposes (Table 5.1). The PLA polymer dissolved 

readily in the binary solvent to produce a transparent solution which can be electrospun into 

continuous fibers (see next section). EF and DMSO were selected because of their low toxicity 

(Class 3 ICH list).  
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Table 5.1. Typical solvents and solvent blends used for electrospinning of PLA and their 
distance (R) from PLA. 
 

Solvent R, MPa1/2 Reference 

Dichloromethane:DMF (70:30) (w:w) 3.84 Yang et al. (2005) 

Choloroform:Acetone (70:30) (w:w) 5.49 Llorens et al. (2014) 

Chloroform:DMF (90:10) (w:w) 5.98 Vega-Lugo et al.(2009) 

Chloroform 6.99 Kim et al. (2006) 

1,1,1,3,3,3-hexafluoro-2-propanol 10.61 Zong et al. (2005) 

EF:DMSO (90:10) (w:w) 6.18 Present study 

 

5.3.3 Morphology of electrospun membrane  

Pristine PLA solution was electrospun into bead-free fibers with smooth surfaces (Fig. 

5.4a). This observation is markedly different from the pristine PLA fibers prepared in Section 

4.3.2, which had porous surface morphologies. It was speculated that the lower volatility of the 

binary EF/DMSO solvent used in the present study, might be the reason behind smooth surface.  

Mean diameters of PLA fibers decreased significantly (p < 0.05) as hexanal and/or benzaldehyde 

precursors were being incorporated into the electrospun fibers (Table 5.2), which is attributable to 

the suppression of vapor pressure of the binary solvent, imparting an increased stretching, 

whipping and bending motion, and thereby forming thinner fibers. Rod-shape entities exogenous 

to the electrospun fibers were observed in BP-PLA and HPBP-PLA nonwovens (indicated as 

arrows on Fig. 5.4c and 5.4d), which are likely benzoic acid crystals produced due to oxidation of 

benzaldehyde released during the sputter coating/SEM analysis process.  
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Table. 5.2 Mean diameter of pristine and precursor containing electrospun membranes. Values are 
presented in the format of mean ± standard deviation (n=200). Different superscript for numbers 
in different boxes represents significant statistical difference (p < 0.05). Statistical analysis was 
done using one-way ANOVA with Tukey's honest significant difference test. 
 

Type Fiber diameter, μm 
Pristine-PLA 1.05 ± 0.31a 

HP-PLA 0.88 ± 0.27b 

BP-PLA 0.75 ± 0.24c 

HPBP-PLA 0.74 ± 0.15c 
 
 
 
 

 

Fig. 5.4 Scanning electron micrographs of electrospun (a) pristine-PLA (b) HP-PLA (c) BP-PLA, 
(d) HPBP-PLA membrane. In the histograms, the distribution of fibers has been shown, where Y-
axis represents fraction in different diameter intervals (X-axis). Arrows indicate benzoic acid 
crystals.  
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5.3.4 FTIR analysis of PLA nonwovens 

Pristine PLA fibers exhibited one strong peak at 1750 cm-1 due to carbonyl (-C=O) 

stretching of the polymer (Fig. 5.5). Symmetric and asymmetric deformational vibrations of C-H 

in CH3 groups of PLAs appeared as peaks between 1400 - 1350 cm-1; while peaks at 1185 and 

1085 cm-1 are due to C-O vibration in the ester (C-O-C) backbone of PLA. Two peaks at 1130 and 

1045 cm-1 were observed due to vibrations associated with CH3 rocking and C-CH3 stretching in 

PLA (Kister et al., 1998; Garlotta, 2001).  

 

Fig. 5.5 FTIR spectra of electrospun pristine and precursor-containing PLA membranes. 

 

The main distinguishable difference between pristine and precursor-containing PLA fibers 

is the appearance of new peaks between 775 – 660 cm-1, which is attributable to the vibrations of 

the phenyl groups of the precursor compounds. Absorbance bands at 864 and 755 cm-1 are due to 

the amorphous and crystalline phases of PLA (Younes & Cohn, 1988). These bands were not 
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affected when the precursor compounds were added. Moreover, no detectable wavenumber shifts 

were observed for the characteristic –C=O and C-O-C bands of PLA. These observations imply 

that the precursors are mainly physically entrapped within the PLA fiber matrix, rather than 

involving site-specific interaction with the PLA macromolecules.  

 

5.3.5 Activated release of aldehyde(s) 

The electrospun PLA fibers acted as a physical carrier for the precursor to prevent the 

premature release of the aldehydes during storage and to facilitate end use applications. The 

releases of hexanal and benzaldehyde were achieved by the addition of 1 N citric acid to the 

nonwoven. The mass transport phenomena involved can be summarized as: (1) diffusion of acid 

and water into PLA fibers; (2) hydrolysis of precursors; (3) diffusion of the released aldehydes to 

fiber surface; and (4) desorption of volatiles from the fiber surface to the headspace air. The release 

profiles of hexanal from HP-PLA, benzaldehyde from BP-PLA and simultaneous release of 

hexanal and benzaldehyde from HPBP-PLA are presented in Fig. 5.8, showing two-step release 

behavior characterized by an initial rapid release phase followed by a slower release phase. This 

phenomenon can be described accurately by an empirical model with two different first order 

kinetics:  

 
C = Ce1(1−𝑒−𝑘1𝑡) + Ce2(1−𝑒−𝑘2𝑡)                ………. Eq.5.7. 

 
where C is the concentration of the volatile at a time t; Ce1 and Ce2 are initial and final volatile 

equilibrium concentrations, respectively; k1 and k2 are diffusion rate constants for fast and slow 

phases, respectively. Ce1, Ce2, k1 and k2 values, were estimated using the Solver function in 
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Microsoft Excel spreadsheet (Microsoft Office 365, Redmond, WA, U.S.A.) are summarized in 

Table 5.3. 

 

    
 
Fig. 5.6 (a) Release of hexanal and benzaldehyde from HP-PLA and BP-PLA, respectively; (b) 
simultaneous release of hexanal and benzaldehyde from HPBP-PLA. Solid lines and symbols 
represent fitted curves based on Eq. 5.7 and experimental data, respectively. 
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Table. 5.3 Hexanal and benzaldehyde release profiles from precursor loaded electrospun 
membrane at 25oC. Values are estimated using Eq. 5.7. and are presented in the format of mean ± 
standard deviation (n=3). Different superscript for numbers in different boxes represents 
significant statistical difference (p < 0.05). Statistical analysis was done using one-way ANOVA 
with Tukey's honest significant difference test. 
 

 

The two-step release phenomena are likely due to a relatively higher precursor density on 

the surface of the fibers, which can be explained using HSP concepts. During the electrospinning 

process, EF tended to migrate towards the surface of the nonwoven more preferentially than 

DMSO due to the higher volatility of the former [vapor pressure of EF and DMSO are 25.6 and 

0.049 kPa at 20°C, (Hawley, 1977; Daubert and Danner, 1985)] leading formation of an EF-rich 

outer layer and DMSO-rich inner layer.  For both HP and BP, their thermodynamic stability with 

EF and DMSO is similar (R values of HP from EF and DMSO are 14.2 and 14.7 MPa1/2, 

respectively; R values of BP from EF and DMSO are 19.2 and 17.4 MPa1/2, respectively; Table 

5.4), which dictates their similar affinity towards EF and DMSO. But, predominant presence of 

EF in the spinning dope, would result in migration of a substantial amount of precursor with EF 

towards the surface of the PLA fibers. During the first stage of drying, as EF tends to phase separate 

Volatile Ce1 k1 Ce2 k2  
μL. L-1. mg fiber-

1 . mg precursor-1 min-1 μL. L-1. mg fiber-1  

. mg precursor-1 min-1 

Hexanal from HP-PLA 0.062 ± 0.002a 353.868 ± 16.466a 0.193 ± 0.050a 1.194 ± 0.510a 

Benzaldehyde from BP-PLA 0.026 ± 0.006b 203.561 ± 80.621b 0.054 ± 0.010a 4.729 ± 2.155a 

Hexanal from HPBP-PLA 0.049 ± 0.004a 139.663 ± 29.815c 0.192 ± 0.113a 2.351 ± 1.638a 

Benzaldehyde from HPBP-PLA 0.024 ± 0.011b 55.183 ± 30.442c 0.106 ± 0.070a 1.907 ± 0.878a 
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and evaporate from the PLA, these migrated precursor moieties retain their position on the surface 

of the fiber. As a result, a higher fraction of the precursor is concentrated near the surface of the 

fiber. The majority of DMSO would evaporate after evaporation of EF, during this process, 

spinning dope possess similar amount of DMSO and PLA, but precursor is more compatible with 

PLA than DMSO (R values of HP from PLA and DMSO are 8.8 and 14.7 MPa1/2, respectively; R 

values of BP from EF and DMSO are 13.2 and 17.4 MPa1/2, respeectively; Table 5.4), as a result 

precursor would retain its position inside the core of the fiber instead of migrating with DMSO 

during its evaporation (Fig. 5.7). The fraction of precursors, concentrated in the skin layer is 

susceptible to rapid hydrolysis, which dictates the kinetic parameters Ce1 and k1, while the 

precursor trapped within the core represented the second release kinetic parameters (Ce2 and k2).   

 

Table. 5.4 HSPs for EF, DMSO, and PLA, were obtained from the library of HSPiP software 
package (5.0.04, Hansen Solubility Parameters in Practice, www.hansen-solubility.com). HSP 
values of hexanal precursor (HP) and benzaldehyde precursor (BP) were predicted by using The 
Stefanis-Panayiotou method incorporated in HSPiP. Compatibility of HP and BP with solvent or 
polymer has been represented by distance parameter R. 
 

 

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 

HSP values  Spin dope components 

MPa1/2  EF DMSO PLA HP BP 

δD  15.5 18.4 18.6 22.3 24.9 

δP  7.2 16.4 9.9 5.8 6.6 

δH  7.6 10.2 6 3.7 4 

R(HP)  14.2 14.7 8.8 - - 

R(BP)  19.2 17.4 13.2 - - 

R(PLA)  11.2 11.6 - - - 

http://www.hansen-solubility.com)/
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Fig. 5.7 Schematic representation of precursor distribution during solvent evaporation phase of 
electrospinning  
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5.4 Conclusion 

This research, demonstrated the individual and simultaneous release of hexanal and 

benzaldehyde from precursor compounds entrapped in electrospun PLA membrane. For 

electrospinning of PLA, a novel, non-carcinogenic, and less toxic solvent was developed by 

blending EF with DMSO. Molecular structure of synthesized benzaldehyde precursor, 1,3-

dibenzylethane-2-phenyl imidazolidine, was confirmed using 1H NMR, 13C NMR, and FTIR 

spectroscopic analyses. SEM micrographs illustrated substantial differences in the morphology of 

electrospun membranes, depending on the type of precursor entrapment. FTIR analyses confirmed 

the inclusion of precursors in the nonwoven. Although no specific interaction was observed 

between the precursors and the polymer, advising probable physical entrapment of precursor inside 

of the nonwoven. Both hexanal and benzaldehyde precursors exhibited steady volatile release 

behaviors after being activated by a 1 N citric acid solution. No significant difference was evident 

in the final equilibrium concentration of released hexanal or benzaldehyde from single and 

multiple containment. To sum up, this study assessed the feasibility of forming precursor 

compounds of volatile antimicrobial aldehydes and maneuver their release behavior to provide an 

optimum end use effectiveness. Further improvisations to incorporate other antimicrobial 

aldehydes along with hexanal and benzaldehyde would make it a robust antimicrobial active 

packaging component.  
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Chapter 6: Thesis conclusion and future work  

 
6.1 Overall conclusion  

In this thesis, after a formal introduction in Chapter 1, a literature review has been presented 

in Chapter 2 on background information relevant to various aspects of active packaging system, 

specifically on antimicrobial active packaging. Focusing on antimicrobial properties of hexanal 

and benzaldehyde, discussions were presented. The key concepts of synthetizing precursor to 

stabilize aldehydes, along with the use of electrospun membranes or electrosprayed particulates as 

carriers, were reviewed in this chapter as well. In Chapter 3, potential problems of using hexanal 

and benzaldehyde for antimicrobial active packaging systems were highlighted, followed by 

invoking research hypotheses. Research objectives were also stated in Chapter 3 to address the 

hypotheses put forth.  

 
The key research methodologies and findings were presented in Chapters 4 and 5. Chapter 

4 demonstrated the feasibility of stabilizing hexanal by synthesizing its precursor through a 

reversible condensation-dehydration reaction, involving reacting hexanal with N,N’-

dibenzylethane-1,2-diamine. 1H and 13C NMR, and FTIR spectroscopies confirmed the successful 

synthesis of the hexanal precursor, i.e., 1,3-dibenzylethane-2-pentyl imidazolidine. The release of 

hexanal from the imidazolidine precursor was triggered through a hydrolysis reaction under mild 

acidic condition. To further protect the precursor and facilitate end-use, the precursor was 

encapsulated in electrosprayed EC and electrospun PLA carriers. FTIR analysis did not detect 

specific interaction between the precursor compound with EC and PLA polymers, suggesting that 

the encapsulation of precursor in the polymer matrices was mainly due to physical entrapment. 

SEM micrographs revealed substantial morphological differences between pristine and precursor 
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loaded carriers, suggesting that the precursor compound altered the solution properties of the 

polymer spin dope solutions.  Upon activating with 0.1 N citric acid solution, rapid release of 

hexanal was detected, the rate and maximal concentration of which varied significantly with the 

carrier polymer used and release temperature. Stability studies showed that the precursor-

containing carriers remained stable during storage under dry condition. In conclusion, Chapter 4 

showed that the precursor-carrier system developed is very promising for increasing the stability 

of hexanal as well as providing a truly triggered release mode of action.  

 
Based on the research findings from Chapter 4, Chapter 5 further increased the complexity 

of the precursor-carrier systems. This chapter demonstrated that the concept of activating 

simultaneous releases of benzaldehyde and hexanal from electrospun PLA nonwoven carriers is 

feasible. Similar to the hexanal investigation, an imidazolidine precursor was developed for 

benzaldehyde, i.e., 1,3-dibenzylethane-2-phenyl imidazolidine. 1H and 13C NMR, and FTIR 

spectroscopies confirmed the heterocyclic structure of the precursor. A nonwoven PLA carrier was 

developed for both individual and combined encapsulation of benzaldehyde and hexanal precursor. 

Electrospinning of PLA was carried out by using a binary non-toxic (EF and DMSO) solvent, 

formulated on the basis of  Hansen Solubility Parameters principles. Addition of an acidic solution 

triggered the release of benzaldehyde and hexanal, and both aldehydes demonstrated a similar two-

step release profile from all the carriers.  Simultaneous aldehyde release was observed from the 

carrier containing both the precursors. Further analyses were conducted by SEM and FTIR to 

characterize the precursor-containing nonwovens, by comparing them with pristine PLA 

nonwoven.  
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To sum up, this thesis validated the stated hypothesis of developing a controlled release 

mechanism for volatile aldehydes by their precursor formation. Encapsulation of precursors in the 

electrospun carriers enabled further opportunities to manipulate their release profile to fit the 

requirements of end-use application. This precursor-carrier system can accommodate different 

types of antimicrobial aldehydes and can potentially be used as an active packaging component 

for postharvest preservation of fruits.  

 
   
6.2 Future Works  

Based on the experimental observations and findings of this research, there are several 

outstanding questions that warrant further investigation, these are: 

 
• Investigating the feasibility of using invented methodology to encapsulate other antimicrobial 

volatile aldehydes (e.g. octanal, decanal, cinnamaldehyde, salicylaldehyde, citral, and several 

aliphatic and aromatic aldehydes), and subsequent development of a composite carrier, capable 

of releasing multiple aldehydes at the same time. The release kinetics of the aldehydes from 

the composite structure will have to be characterized as well, at different temperature and 

relative humidity.  

• Evaluation of the antimicrobial efficacy of developed precursor-carrier system, it is necessary 

to determine the minimum inhibitory concentration of released aldehydes against various food 

borne microorganisms. Furthermore, a better understanding is required about the possible 

synergistic and antagonistic interactions between released aldehydes. 

• Investigation on the effectiveness of developed precursor-carrier systems to extend shelf-life 

of real fruits. Moreover, it is necessary to further explore the response of different fruits 

towards the released aldehydes. 
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• Retention of released aldehydes inside the package headspace would dictate its antimicrobial 

effectiveness. Permeation of released aldehydes through packaging material or use of improper 

headspace would reduce its efficacy significantly. Further work should be carried out to 

provide a better understanding about the effects of packaging material, packaging and storage 

conditions on the effectiveness of developed controlled/triggered release system. 

• In this study, we explored how changes in encapsulant polymer or solvent considerably 

influenced the aldehyde release behavior. Further investigation is required to understand the 

effect of other processing parameters, solvents, and polymers on the release behavior of 

aldehydes.  


	Chapter 1: Introduction
	Chapter 2: Literature Review
	2.1 Post harvest preservation of fruits and vegetables with active packaging
	2.2 Antimicrobial active packaging
	2.3 Volatile naturally occurring antimicrobial aldehydes
	2.3.1 Hexanal
	2.3.2 Benzaldehyde
	2.3.3 Stability of aldehydes

	2.4 Stabilization by precursor formation
	2.5 Carriers for aldehyde precursors
	2.5.1 Electrospinning and electrospraying

	2.6 Solubility parameters
	2.6.1 Hansen solubility parameters (HSP)

	2.6 References from Chapter 1 and 2

	Chapter 3: Justification, hypothesis, and objectives
	4.1 Introduction
	4.2 Materials and methods
	4.2.1 Materials
	4.2.2 Preparation of hexanal precursor
	4.2.3 Spin dope solutions for electrospinning
	4.2.4 Electrospinning
	4.2.5 Scanning electron microscopy
	4.2.6 Fourier transform infrared (FTIR) analysis
	4.2.7 Headspace analysis
	4.2.8 Stability of precursor in electrospun membrane
	4.2.9 Data Analysis

	4.3 Results and discussion
	4.3.1 Formation and characterization of hexanal precursor
	4.3.2 Morphology of electrospun membrane
	4.3.3. FTIR analysis of pristine and precursor containing carriers
	4.3.4. Activated release of hexanal from precursor


	R2 = 4 (δDA - δDB)2 + (δPA - δPB)2 + (δHA -δHB)2                                   Eq. 4.5.
	4.3.5 Stability of the precursor
	4.4 Conclusion
	4.5 References from chapter 4

	Chapter 5: Combined release of hexanal and benzaldehyde from precursors embedded in nonwoven poly(lactic acid) (PLA) carriers
	5.1 Introduction
	5.2 Materials and methods
	5.2.1 Materials
	5.2.2 Precursor formation
	5.2.3 Preparation of spin dope solutions for electrospinning
	5.2.4 Electrospinning
	5.2.5 Microstructural analysis
	5.2.6 Fourier transformed infrared (FTIR) analysis
	5.2.7 Headspace analysis
	5.2.8 Data Analysis

	5.3 Result and discussions
	5.3.1 Formation and characterization of benzaldehyde precursor
	5.3.2 Electrospinning solvent selection


	δ2 = δD2 + δP2 + δH2                                                           ………. Eq. 5.4.
	δi (blend)= 𝝋1δi, 1 + 𝝋2δi, 2     (i=D,P,H)                                                                          ………. Eq. 5.5.
	where 𝝋1 and  𝝋2 represent volume fraction of 1st and 2nd solvent. The compatibility of the polymer with the used solvent can be calculated using Eq. 5.6, where, δD, δP, and δH represent Hansen dispersion, polar interaction and hydrogen bonding para...
	R2 = 4 (δDA - δDB )2 + (δPA - δPB )2 + (δHA -δHB )2                                             ………. Eq. 5.6.
	Based on the HSP concept, a blend of 90:10 EF:DMSO was chosen as the solvent for PLA with a R value of 6.18 MPa1/2, which is within the range of various solvents previously used by researchers to dissolve PLA for electrospinning purposes (Table 5.1). ...
	5.3.3 Morphology of electrospun membrane
	5.3.4 FTIR analysis of PLA nonwovens
	5.3.5 Activated release of aldehyde(s)
	5.4 Conclusion
	5.5 References from Chapter 5

	Chapter 6: Thesis conclusion and future work
	6.1 Overall conclusion
	6.2 Future Works


