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ABSTRACT 

PHYSICOCHEMICAL ASPECTS OF ULTRATHIN ELECTROSPUN ZEIN FIBRES 

FOR ENCAPSULATION OF FISH OIL 

 

Khalid Moomand                  Advisor:          

University of Guelph , 2014       Dr. Loong-Tak Lim 

 

The ω-3 polyunsaturated fatty acids are beneficial to humans. The principal hurdle remains 

delivery of these fatty acids via foods or as nutraceuticals as they oxidize readily. In this study, 

an electrospinning method was developed to encapsulate fish oil, up to 30% (w/w), in zein fibres. 

The effects of aqueous ethanol and isopropanol solvents on the solubility of zein, viscosity, 

conductivity, and surface tension of the polymer solutions, were investigated and correlated with 

the morphology of the particles. Polymer solutions from both solvents exhibited shear-thinning 

behaviour, where ethanolic solutions had higher apparent viscosity values irrespective of the fish 

oil loading in comparison to isopropanolic solutions. Smooth and fibrous materials were 

generated from ethanol-based solutions, with increased diameter of 300 to 500 nm as the fish oil 

loading increased from 0 to 30% (w/w).  Thinner fibres (190 ± 62 nm) with beads of an average 

size of 1 µm were produced from isopropanol zein solutions. Fish oil tends to migrate towards 

the core of the materials and concentrate in the beaded areas as a result of phase separation 

during the electrospinning process.  This behaviour impacted encapsulation efficiency, loading 

capacity, as well as the stability of the fish oil when stored at 4, 25 and 60 °C for 14 days.  The 

encapsulation efficiency of the electrospun zein fibres was 91% for ethanol-based and 96% for 

isopropanol-based fibres, at 30% (w/w) loading level.  In addition to monitoring the formation of 

lipid peroxide, changes in covalent bond vibrations in fish oil and zein were studied using 

attenuated total reflection Fourier transform infrared (ATR-FTIR).  Electrospun zein fibres 

provided a greater protection against oxidative degradation compared to the nonencapsulated fish 

oil. Aqueous ethanol solvent, in the presence of the added fish oil, promoted the formation of α-

helix protein secondary structure, while isopropanol solvent promoted the formation of inter- and 

intramolecular β-sheet secondary structure.  Under simulated gastrointestinal conditions, these 

electrospun materials exhibited gradual swelling and degradation rates while significantly higher 

when enzymes were introduced. The secondary structure of zein was impacted by the 

concentration of the polymer, solvent type, and exposure to SGI fluids.
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Chapter 1  Introduction 

 An increasing interest in the food industry to deliver bioactives, probiotics, and other 

beneficial ingredients in food products has stimulated considerable research and development 

into innovative encapsulation technologies (Wildman, 2007).  Various materials and 

methodologies are employed for the encapsulation of bioactives, with a focus on enhancing their 

stability and optimizing their delivery in the body.   

Amongst these bioactives, essential polyunsaturated fatty acids (PUFAs) such as 

eicosapentaenoic acid (EPA; 20:5) and docosahexaenoic acid (DHA; 22:6) of the ω-3 family 

from fish or marine oils, have received considerable interest from academia and industry.  EPA 

and DHA cannot be synthesized de novo from simple hydrocarbon precursors in humans.  The 

biosynthetic pathway of the ω-3 family relies on a Δ-6 desaturase enzyme that converts dietary 

α-linolenic acid (ALA; 18:3) to EPA and DHA through desaturation and elongation (Innis, 

2007).  Findings from stable isotope tracer and intervention studies concur that based on the 

appearance of ALA metabolites in blood lipids, the conversion of this dietary fatty acid to DHA 

is less than 1% in humans (Williams & Burdge, 2007). Therefore, these essential fatty acids must 

be obtained from the diet to maintain and promote good health. The ω-3 fatty acids have also 

been linked to the prevention of cardiovascular and cerebrovascular diseases, including coronary 

artery disease, arrhythmia, and cerebral vascular malaises (Axelrod et al. 1994; Hu, Bronner, 

Willett, Stampfer, et al. 2002; Leaf, Kang, Xiao, & Billman, 2003).  Despite the overwhelming 

scientific evidence highlighting the health benefits of PUFAs, the dietary intake of these fatty 

acids is low in modern diets (Kris-Etherton et al. 2000).   

 Due to their high degree of unsaturation, PUFAs are susceptible to oxidative degradation, 

thereby negatively affecting the nutritional and sensory qualities. Moreover, the production of 
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deleterious oxidative by products, such as 4-hydroxy-2-alkenals and 4-hydroxy-2-hexanal, may 

adversely affect health (Awada et al. 2012; Esterbauer, Schaur, & Zollner, 1991; Kanner, 2007; 

Uchida, 2000). Consequently, it is essential to protect PUFAs and understand their oxidation 

kinetics in order to incorporate them as food additives. The oxidation of PUFAs proceeds with a 

free-radical chain mechanism involving initiation, propagation, and termination steps (Benzie, 

1996).  The kinetics of lipid oxidation in foods is influenced by fatty acid composition, storage 

conditions, and the physical state of the oil (e.g., bulk oil versus emulsion) (Labuza & Dugan, 

1971).  Studies have indicated that direct addition of commercial PUFAs in fat-based spreads, 

fruit juices, and some dairy products have resulted in a decrease in palatability due to increased 

fishy odour caused by oxidative degradation (Zhong, Tian, & Zivanovic, 2009).  In order to 

circumvent these shortcomings, the active ingredient needs to be protected through 

encapsulation, using techniques such as spray drying, extrusion, fluidized bed coating, 

coacervation, spray chilling, molecular inclusion, protein precipitation, liposome entrapment, or 

hydrogel entrapment (Gibbs, Selim, Inteaz, & Mulligan, 1999; Remondetto, Beyssac, & 

Subirade, 2004; Yuliani, Bhandari, Rutgers, & D’Arcy, 2004). These methods typically produce 

capsules ranging from several microns to several millimeters in size, making their use somewhat 

challenging in certain applications.  

 Micro- and nano-sized fibres produced via electrospinning have captivated a great deal of 

research interest over the past decade.  Electrospun fibres provide an opportunity to enhance the 

stability of fish oils and/or improve sensory attributes The electrospinning process involves 

inducing electrostatic repulsion in a polymer solution within an electric field that is typically 

above 2.5 kV/cm. This causes the formation of a polymer jet that undergoes bending instability, 

stretches into ultrafine fibres, and deposits on a electrically grounded target as a nonwoven mat 
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(Taylor, 1969).  The electrospinning behaviour and resulting material morphologies are highly 

dependent on solution properties (e.g., viscosity, conductivity, surface tension) and 

electrospinning process parameters.   

 Hydrophobic proteins such as α-zein prolamine, a predominant storage protein in corn, 

has been used in the food and pharmaceutical industry as a coating material for the delivery of 

hydrophobic compounds (Shukla & Cheryan, 2001).  Its water insoluble nature is attributable to 

the presence of a large quantity of hydrophobic amino acid residues (glutamine, proline, leucine, 

and alanine) that represent about 30% of the protein composition (Shukla & Cheryan, 2001).  

This property can be beneficial for the encapsulation of bioactives because crosslinking of the 

encapsulant polymer is not required.  

 This study employed a modified electrospinning setup to successfully encapsulate fish oil 

(up to 30% w/w) in ultrathin electrospun zein fibres.  The methodologies developed and findings 

derived from this research not only contribute to the field of encapsulation of fish oil but also 

increase the fundamental understanding of parameters that govern the electrospining behaviours 

of zein protein. Chapter 2 will summarize the current status of research in the relevant fields. In 

Chapter 3, the problem statement for this research is presented and objectives of this study are 

identified.  The next three chapters (Chapters 4, 5, and 6) present research findings from three 

specific studies that addressed the thesis objectives. Finally, Chapter 7 provides some concluding 

remarks on this study and proposes a number of studies that addresses some of the questions 

raised. 
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Chapter 2  Literature Review 

2.1. Polyunsaturated fatty acids (PUFAs) 

2.1.1. Synthesis of PUFAs and their biological role  

 Generally, the public perceives fats as a harmful component of our modern diet due to 

their negative publicity. However, in moderation, lipids are essential for the maintenance and 

promotion of good health.  Among them, polyunsaturates are necessary for the formation of cell 

membranes, maintaining optimal passage of nutrients into and out of the cell, and preserving cell 

membrane rigidity.  Despite the fact that human beings are able to synthesize fat de novo from 

glucose, certain specific essential fatty acids such as eicosapentaenoic acid (EPA; Fig. 1) and 

docosahexaenoic acid (DHA; Fig. 2) cannot be produced de novo.  This has been attributed to 

cells lacking enzymes that are needed in polyunsaturated fatty biosynthesis (Innis, 2007).   

 

Figure 1:  Chemical structure of showing various numbering conventions. 

 

Figure 2: Chemical structure of docosahexaenoic acid showing various numbering 

conventions. 
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 The pathway of metabolism and synthesis of two major groups of PUFAs, the ω-6 and ω-

3 series, are shown in Fig. 3.  These two groups are generated, respectively, from linoleic acid 

(LA; 18:2 ω-6) and α-linolenic acid (ALA; 18:3 ω-3).  Our metabolic deficiency of specific 

enzymes to generate LA and ALA requires us to procur these fatty acids from plants in our diet.  

Furthermore, conversion of ALA into EPA and/or DHA is limited by the low Δ6 desaturase 

activity and it is therefore more efficient to obtain these essential fatty acids from dietary 

sources, instead of relying on conversion (Lee et al. 2006).  Some of these long chain PUFAs 

serve as precursors for a number of cell signalling compounds that regulate vital processes such 

as inflammatory responses or blood clotting (Williams & Burdge, 2007).  Arachidonic acid (AA; 

20:4 ω-6) and dihomo-γ-linolenic acid (DGLA 20:3 ω-6) are key ω-6 precursors of the Groups 1 

and 2 of prostanoids, which are mediators of inflammatory and anaphylactic reactions, while 

EPA, is the precursor for the Group 3 series of prostanoids (Hornstra, 2000).  Since the Group 3 

series prostanoids act antagonistically to the production of Groups 1 and 2, it is important to 

maintain an optimal ω-3 and ω-6 fatty acid ratio in the diet. The Western diet is increasingly 

deficient in ω-3 fatty acids as a result of the declining consumption of oily fish and certain 

animal organs, such as liver (Barclay, 1992) that are abundant in ω-6 fatty acids, leading to a 

range of undesirable health effects, including cardiovascular disease, cancer, and inflammatory 

and autoimmune diseases. To circumvent this issue, typical strategies have been to fortify food 

products with ω-3 fatty acids either by direct addition or by feeding farm animals a diet enriched 

with ω-3 fatty acids in the form of fish oil or ALA (Ahnadi, Beswick, Delbecchi, Kennelly, & 

Lacasse, 2002; Barclay, 1992; Lacasse, Kennelly, Delbecchi, & Ahnadi, 2002; Yep, Li, Mann, 

Bode, & Sinclair, 2002).  
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Figure 3: Pathway of metabolism and synthesis of ω-6 and ω-3 PUFAs (adapted and 

modified from Lee et al. 2006). 
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 The consumption of ω-3 oils has been associated with a reduction in various diseases, 

including cardiovascular and cerebrovascular diseases (CVD) (Hu et al. 2002; Leaf, Kang, Xiao, 

& Billman, 2003).  In an observational study by Bulliyya (2002), 1,000 participants from South 

Indian villages were divided equally into two groups (n = 500) of fish and non fish-eaters.  Fish-

eaters had significantly lower low-density lipoprotein (LDL) concentrations, moderately higher 

high-density lipoprotein (HDL) concentrations and an overall improvement in the HDL:LDL 

ratio.  A similar trend was observed among three ethnic groups in Québec, where increased 

consumption of fish as a source of ω-3 fatty acids was beneficially associated with higher levels 

of HDL cholesterol and low levels of triacylglycerols (Dewailly, Blanchet, Gingras, Lemieux, & 

Holub, 2003).  A cohort epidemiological study following 84,688 women enrolled into the 

Nurses’ Health Study for 16 years, reported 50% fewer deaths related to CVD in women who 

consumed fish five times per week.  A 20% reduction in CVD was observed when fish 

consumption of one to three times per month was practiced (Hu et al. 2002).  A Cochrane meta-

analysis review focusing on Type II diabetics and CVD further confirmed that fish oil lowers 

triglycerides and is likely to be the mechanism for how CVD risk is reduced (Hartweg et al. 

2008).  It has been proposed that the positive effect of ω-3 PUFAs is related to their ability to 

reduce triglycerides by decreasing hepatic synthesis and the secretion of triglyceride-rich 

lipoproteins (very low density lipoproteins- VLDL) by inhibiting various enzyme transcription 

factors (Chan & Cho, 2009). 

 There is growing evidence from human clinical studies that ω-3 PUFAs also have an 

immunomodulatory effect on proinflammatory conditions such as rheumatoid arthritis, where a 

variety of clinical improvements were reported, including reduced duration of morning stiffness, 

reduced number of tender or swollen joints, reduced joint pain, reduced time to fatigue, increased 
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grip strength and decreased use of non-steroidal anti-inflammatory drugs (NSAID)  (Calder, 

2008).  One study hypothesized that the mechanism by which ω-3 PUFAs improve the 

symptoms of inflammatory bowel disease is related to reducing the expression of TNF-α, IL-1b, 

IL-6 and IL-8 (Simopoulos, 1999).  Numerous studies have attempted to determine the effects of 

consuming fish oil rich in ω-3 PUFAs to alleviate inflammatory bowel disease, including 

ulcerative colitis and Crohn’s disease. However, the data variability among studies and between 

individual responses had rendered the findings inconclusive (Aslan & Triadafilopoulos, 1992; 

Lorenz et al. 1989; Middleton, Naylor, Woolner, & Hunter, 2002; Turner, Zlotkin, Shah, & 

Griffiths, 2009). Other studies have shown that ω-3 PUFAs lower the risk of developing colon, 

breast, prostate and other hormone-related cancers (Geelen et al. 2007; Larsson, Kumlin, 

Ingelman-Sundberg, & Wolk, 2004; Roynette, Calder, Dupertuis, & Pichard, 2004; Sasaki, 

Horacsek, & Kesteloot, 1993; Terry, Rohan, & Wolk, 2003).   

 The ω-3 oils are also beneficial to infant neural development and slow the onset of 

numerous psychiatric conditions (Hibbeln, Ferguson, & Blasbalg, 2006; Innis, 2007; Su, Huang, 

Chiu, & Shen, 2003).   The role of DHA on neural development and its impact on brain function 

was initially determined from animal studies, where young monkeys were given a diet deficient 

in ω-3 PUFAs.   The animal subjects exhibited poor visual acuity and increased stereotypical 

behaviour suggesting that brain development had been impeded (Reisbick, Neuringer, Gohl, 

Wald, & Anderson, 1997).  The positive impact of ω-3 PUFAs on function was later attributed to 

the promotion of fluidity in neuronal membranes and regulation of neurotransmitters in the brain 

(Yehuda, Rabinovitz, & Mostofsky, 1999).  Subsequent studies focusing on human foetuses and 

newborns have indicated that increasing ω-3 PUFAs intake during pregnancy increases the 

mother's own plasma DHA levels, thereby transferring additional ω-3 PUFAs to the foetus 
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(Connor, Lowensohn, & Hatcher, 1996).  Post birth, during the later stages of development, a 

positive correlation has been reported between maternal fish consumption and better infant visual 

acuity (Jørgensen, Hernell, Hughes, & Michaelsen, 2001). Moreover, higher developmental 

scores at 18 months were observed with children who regularly consumed fish, compared te 

those who ate no fish (Daniels, Longnecker, Rowland, & Golding, 2004; Willatts, Forsyth, 

DiModugno, Varma, & Colvin, 1998).    

A recent report indicated that over 650 million people suffer from a mental or a 

behavioral disorder (WHO, 2013).  One of the prevalent mental health problems in childhood is 

attention deficit hyperactivity disorder (ADHD), which often leads to poor academic 

achievement, disruptive behavior, low self esteem in childhood, and increased risk of substance 

abuse and antisocial behavior in adulthood (Polanczyk, de Lima, Horta, Biederman, & Rohde, 

2007; Sawyer et al. 2001).  In adults, depression is the most prevalent mental health disorder, 

where it has been projected that by 2030 depression would represent the second greatest burden 

of disease in the world (Moussavi et al. 2007).  Numerous studies have correlated depression 

with the progression of early cognitive impairment into dementia (Gabryelewicz et al. 2004, 

2007; Modrego & Ferrández, 2014).  Interestingly, lower levels of plasma long chain ω-3 

PUFAs have been reported in people with mental disorders, including ADHD, depression, and 

Alzheimer's disease, compared with healthy controls (Clayton, Hanstock, Garg, & Hazell, 2007; 

Richardson, 2006; Young & Conquer, 2005).  A reduction in risk of cognitive impairment, 

cognitive decline, dementia, and Alzheimer's disease was reported in a prospective study of 

5,386 Dutch citizens aged 55 years or older after fish consumption of more than 20 g per day 

(Kalmijn et al. 1997).  Another prospective study further reported a strong inverse correlation 

between fish intake (at least once a week) and Alzheimer’s disease in elderly people, where a 
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60% reduction in risk of developing the disease was observed over a four year period (Morris et 

al. 2003).  

 The existing literature also pointed out that the health benefits derived from habitual fish 

consumption are highly influenced by the type of fish consumed. Fatty fishes (e.g., tuna, 

mackerel, trout, salmon) provide more DHA and EPA and confer greater metabolic effects than 

white fishes (Oomen et al. 2000).  Canada's Food Guide recommends that Canadians consume at 

least 150 g of cooked fish each week as part of a healthy diet (Health Canada, 2009). The United 

Kingdom Scientific Advisory Committee on Nutrition has recommended a minimum 

consumption of 450 mg EPA + DHA (equivalent to 2 portions of fish/week) (UK Scientific 

Advisory Committee on Nutrition, 2004).  The US Dietary Advisory Committee recommends a 

median intake of EPA and DHA ranging from 400 to 700 mg per day and 520 to 930 mg per day, 

respectively, for all adults (US Dietary Advisory Committee, 2005).   

2.1.2. Oxidation of PUFAs and their inhibition by antioxidants 

 Despite the health promoting benefits of these ω-3 oils, the high degree of unsaturated 

carbon-carbon double bonds renders them susceptible to oxidative degradation, resulting in the 

production of unstable free radicals and hydroperoxides.  The oxidation of PUFAs proceeds with 

a free-radical chain mechanism involving three phases: (i) initiation, (ii) propagation, and (iii) 

termination (Fig. 4) (Benzie, 1996).  Labuza & Dugan (1971) investigated the kinetics of lipid 

oxidation in foods and determined that the reactions are influenced by fatty acid composition, 

storage conditions, and physical state of the oil (e.g., bulk oil versus emulsion) (Labuza & 

Dugan, 1971).   
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Figure 4:  Reaction scheme of autoxidation reaction for DHA.  RH represents the DHA 

molecule, R
.
 and ROO

.
 the radicals, and ROOH the the hydroperoxide produced. NRP is 

the non-radical compound in the termination reaction.  The ki,ko, kp and kt are the rate 

constants for each reaction.  Reaction (I) represents the major initiation phase.  Reactions 

(II) and (III) are propagation steps and reaction (IV) is the termination step. 

   

 Antioxidants are often supplemented with fats and oils to prevent the formation of 

undesirable off-flavours and off-odour compounds that result from the oxidation of lipids.  

Despite other potent synthetic antioxidants such as butylated hydroxyanisole (BHA) and 

butylated hydroxytoluene (BHT), tocopherols are the natural antioxidants of choice in the food 

industry.  The α-tocopherol (TOH) is the most active form of vitamin E in biological systems, 

capable of successfully inhibiting peroxidation by trapping peroxyl radicals (van Acker, 

Koymans, & Bast, 1993).  Reaction (III) from Fig. 4, demonstrates how TOH may contribute to 

stopping the chain reaction by donating hydrogen to the peroxyl radicals.  This reaction leads to 

the formation of a tocopheroxyl radical, which is stabilized by delocalisation of the unpaired 

electron.  The chromanol ring structure of TOH renders it relatively non-reactive. It has been 

widely observed that food products containing fortified TOH also have ascorbic acid added to 

them.  TOH can be regenerated from the tocopheroxyl radicals via a redox cycle mediated by 

vitamin C (Figs. 5 & 6 a-b) (Litwack, 2007). 
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Figure 5: α-tocopherol contributing hydrogen to the peroxyl radical and the formation of 

the tocopheroxyl radical. 

 

Figure 6: Chemical structure of α-tocopherol, showing the chromanol ring structures (a) 

and the synergistic interactions between α-tocopherol and ascorbic acid (b). 

  

 Generally, antioxidant systems work synergistically when combined with other 

antioxidants or chelating agents such as ascorbyl palmitate and EDTA.  Wada and Fang (1992) 

were among the first researchers to report a strong synergistic effect between TOH (0.02%) and 

rosemary extract (0.02%) in sardine oil. Tsimidou, Papavergou, & Boskou (1995) investigated 

the antioxidative properties of dry oregano at 0.5% concentration in mackerel oil stored at 40 
ο
C 

and obscured from light.  Their results indicated that dry oregano had an antioxidant effect that 

was comparable to 200 ppm BHT or 0.5% dry rosemary.  Further increase in oregano 

concentration (1%) resulted in activity comparable to 200 ppm tert-butylhydroquinone (TBHQ).  
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An equal mixture of TOH and rosemary extract (0.07% in total) was reported to inhibit fish lipid 

oxidation catalyzed by Fe
2+

 or haemprotein (Tsimidou et al. 1995).  Various studies have 

investigated  sesame seed solvent extracts for their antioxidative properties in common vegetable 

oils/emulsions/lipid systems in foods, cosmetics and pharmaceutical applications (Jayalekshmy, 

Arumughan, & Suja, 2008; Suja, Jayalekshmy, & Arumughan, 2005; Suja, Jayalekshmy, & 

Arumughan, 2004).  Another naturally occurring  extract that has shown antioxidative activity is 

obtained from red algae, where a strong activity was reported when tested in linoleic acids and 

fish oil (Athukorala et al. 2003).  This algal extract had comparable or even better efficacy than 

BHA and BHT at concentrations of 0.01, 0.03 and 0.05% in fish oil and found to be effective at 

delaying lipid peroxidation by suppressing radical initiation using metal chelation (Athukorala et 

al. 2003).   Depending on the method of application, some extracts can exhibit contradictory 

effects, where both antioxidant and pro-oxidant properties are observed.  For example, green tea 

extract was tested in seal blubber and in menhaden oils.  The presence of chlorophyll catalyzes 

their oxidisation by acting as a photosensitizer.  On the other hand, when chlorophyll is removed, 

the resultant extract showed an excellent antioxidant activity in both oils (Shahidi, 2004; 

Wanasundara & Shahidi, 1998). 

 Other naturally found products such as proteins, protein hydrolysates, peptides and amino 

acids have all shown some level of antioxidant activity (Chen, Muramoto, Yamauchi, & 

Nokihara, 1996).  For instance, whey protein peptides exhibit antioxidant properties due to the 

presence of aromatic amino acids.  The radical scavenging activity of peptides is believed to 

result from  hydrogen atom donor activity of the phenolic and indolic groups, which stabilizes 

the free radicals more effectively than that of peroxyl radicals (Peña-Ramos, Xiong, & Arteaga, 

2004; Peng, Xiong, & Kong, 2009; Pihlanto, 2006).  Plant-, bacterial- and fungal-based 
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polysaccharides have also been studied for their antioxidative properties.  These studies have 

attributed the polysaccharides' efficacy in preventing oxidation to their radical scavenging, 

reducing power, metal ion chelation, as well as inducing gene expression of enzymes such as 

superoxide dismutase and glutathione peroxidase (Haixia Chen, Zhang, & Xie, 2005; Pasanphan, 

Buettner, & Chirachanchai, 2010; Fereidoon Shahidi & Zhong, 2010). 

2.2. Conventional methods for stabilization of PUFA oils 

2.2.1. Blending of PUFA oils 

 In order to increase the stability, PUFAs are often blended with other more stable oils 

such as high oleic sunflower, palm, and partially hydrogenated oils (Chapman et al. 1996; 

Frankel & Huang, 1994; Hayes, Perlman, & Sundram, 1999; Neff, El-Agaimy, & Mounts, 1994).  

The blend can be achieved either by direct mixing or chemical blending via interesterification 

techniques.  Chu & Kung (1998) have proposed a mathematical model to describe the 

relationship between oxidative stability index (OSI) and fatty acid composition of 21 oil blends.  

They have reported the order of positive influence of fatty acids on oxidative stability to be 

palmitic acid followed by steric acid and oleic acid.  Linolenic acid had the most negative 

influence on OSI, followed by linoleic acids and oleic acid (Chu & Kung, 1998).  The premise 

behind these blending processes is that more saturated fatty acids impart a stabilizing effect as 

well as antioxidative properties because of naturally occurring tocopherols and tocotrienols.    

 Recent advancements in food biotechnology have had an important impact in blending 

and transformation of numerous vegetable oils, animal fats and PUFA oils, where novel lipid 

based products such as non trans and functional bioactive lipids have been created (Hernández-

Martín & Otero, 2008; Schörken & Kempers, 2009).  Table 1 summarises a number of products 
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that have been commercialised or have developed into pilot scale production.  For instance, fat 

modification via immobilized lipases has gained tremendous popularity in commercial 

applications, where interesterification reaction lipases occur on PUFA oils to chemically blend 

them with other oils and fats in order to improve nutritional and rheological properties of a 

commercial product (Halldorsson, Kristinsson, & Haraldsson, 2004; Hernández-Martín & Otero, 

2008; Holm & Cowan, 2008; Osório, Ribeiro, da Fonseca, & Ferreira-Dias, 2008).  

Table 1:  Biotechnology based commercialised lipid (including glycerol) products.  Adapted 

from Schörken & Kempers, (2009). 

Product Process 

Microbial oils 

(polyunsaturated) 
Fermentation mainly by marine microorganisms 

―Designer lipids‖/structured 

lipids/margarine  

Enzymatic modification with regioselective 

lipases 

Enriched fatty acids 
Enzymatic enrichment with fatty acid-specific 

lipases  

Carotenoids 

(carotene/astaxanthin)  

Fermentation with Dunaliella, Haematococcus or 

fungi  

Cosmetic esters Lipase-catalysed synthesis 

Sophorose 

lipids/(rhamnolipids)  
Fermentative production with Candida bombicola  

Sphingolipids Fermentative production with Pichia ciferrii  

Steroid hormones (sterol 

based)  
Transformations with several microorganisms  

Decalactone (aroma 

compound) 
Biocatalytic production with Yarrowia lipolytica  

Hexenal (+ other grass aroma 

compounds)  
Lipoxygenase and hydroperoxide lyase 

Dicarboxylic acids (mainly 

from alkanes)  
Biocatalytic production with Candida tropicalis  

Biodiesel (in development) 
Lipase-catalysed transesterification/Algal 

biodiesel  

Dihydroxyacetone (glycerol 

based)  
Production with Gluconobacter oxydans 

1,3-Propanediol (glycerol 

based) 
Production with Clostridium sp. or Klebsiella sp. 
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2.2.2. Emulsions 

 An emulsion is primarily composed of two immiscible liquids (usually oil and water), 

where one disperses in the other as small droplets of 0.1 to 100 m (McClements & Decker, 

2000).   Fish oil emulsified food products such as mayonnaise, yoghourt, milk, and spreads have 

been produced with different levels of success (Kolanowski, 1999; Let, Jacobsen, & Meyer, 

2004).  Extensive analysis of the oxidative stability of fish oil in emulsion with a series of 

antioxidant systems has been conducted. The antioxidative efficacy is dependent on the 

partitioning behaviours of the antioxidant molecules in different emulsion phases (Coupland & 

McClements, 1996; Frankel, Satué-Gracia, Meyer, & German, 2002; Kolanowski, Jaworska, 

Weibrodt, & Kunz, 2007).  Other studies have indicated that blending fish oil with saturated oils 

in the emulsion provides enhanced protection against oxidation as a result of the increased 

stability of the fatty acids.  In one instance, a blend of rapeseed oil to fish oil (1:1) prior to 

emulsification into milk provided increased  oxidative protection and further addition of propyl 

gallate and citric acid ester provided prolonged oxidative stability during storage.  The presence 

of tocopherols in rapeseed oil was considered a principal protective factor (Let et al. 2004).  

2.2.3. Microencapsulation  

 Traditionally, the food industry has used microencapsulation technology for the increased 

stabilization and more controlled release of flavours (Madene, Jacquot, Scher, & Desobry, 2006).  

Advancement in encapsulation technologies has allowed food and nutraceutical industries to 

protect and incorporate bioactive compounds in foods and nutritional supplements to ensure that 

the taste, aroma, and textural properties of the products are not compromised (Brazel, 1999; 

Jónsdóttir, Bragadóttir, & Arnarson, 2005; Kolanowski et al. 2007).  Other objectives of 



17 
 

microencapsulation are to provide stability during storage and to minimize chemical interactions 

with other ingredients that are undesirable (Augustin & Sanguansri, 2008). 

 Encapsulation has gained popularity as a process for  protecting fish oils against 

oxidative degradation and delivering them in food and supplements, such as cereals, nutrition 

bars, and beverages.  Microencapsulation provides an opportunity to protect the fish oil and 

improve shelf life (Keogh et al. 2001). The most popular and basic encapsulation system for 

stabilizing hydrophobic compounds is by spraying oil-in-water emulsion into a hot dry air 

system where the dispersed oil phase is embedded in a solid carrier, forming a dry powder.  

Spray drying has four principle stages: atomization, air contact, evaporation, and product 

recovery (Beindorff & Zuidam, 2010).  Elevated temperature and presence of oxygen may 

trigger oxidation during spray drying processes of fish oil and so some studies have 

recommended that relatively low spray drying temperatures and nitrogen instead of air should be 

used to minimize lipid oxidation, which will increase manufacturing cost (Baik et al. 2004; 

Drusch, Serfert, Scampicchio, Schmidt-Hansberg, & Schwarz, 2007).  Many carriers have been 

reported for the microencapsulation of PUFAs, including maltodextrin, glucose syrup, proteins, 

sugars, gums, pectin, modified cellulose (i.e., hydropropyl methylcellulose or methylcellulose), 

and modified starch (Drusch, Serfert, & Schwarz, 2006; Jónsdóttir et al. 2005; Kagami et al. 

2003; Keogh et al. 2001; Kolanowski et al. 2007; Kolanowski, Laufenberg, & Kunz, 2004; 

Kolanowski, Ziolkowski, Weißbrodt, Kunz, & Laufenberg, 2005).  After spray drying, other 

anticaking agents such as silica powder and tricalcium phosphate may be added to enhance the 

flowing properties of the powder (Drusch, Serfert, Van Den Heuvel, & Schwarz, 2006).   
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2.2.4.  Nano-based particles  

 Emulsions are thermodynamically unstable. The use of emulsifiers and homogenization 

forces are necessary to disperse an immiscible phase into another fluid to achieve a desirable 

stability.  Several factors affect the stability of an emulsion including lipid content, the type and 

ratio of emulsifiers, the viscosity of the continuous phase, the volume fraction of the dispersed 

phase, the droplet size distribution, and the temperature (Haahr & Jacobsen, 2008; Osborn & 

Akoh, 2004).  Liposomes are considered stable carriers for bioactive compounds due to their 

smaller particle size and other physicochemical factors such as number of lamella,charge, and 

bilayer fluidity (Muller & Keck, 2004).  Liposomes are vesicles form by a closed bilayer 

membrane and containing an entrapped aqueous phase, where single bilayer membranes are 

considered as unilamellar vesicles and those with numerous concentric bilayers are referred to as 

mulitlamellar vesicles.  Bilayers are separated by an aqueous phase (Vikbjerg, Andresen, 

Jørgensen, Mu, & Xu, 2007).  Finley, Haynes, & Levine (1991) have reported that liposomes 

provide effective antioxidant protection for fish oil.  Liposomes are generated by dissolving a 

lipophilic material in phospholipid followed by the addition of an aqeueous solution and 

subsequently mixing by an emulsification method such as sonication.  Due to their protective 

role and nano-scale dimensions that offer transparency in liquid product, liposomes have been 

successfully applied in food and pharmaceutical industries.  Recently, Belhaj, Arab-Tehrany, & 

Linder (2010) reported that high pressure homogenization of salmon oil with marine lecithin 

increased oxidative stability of the oil due to the presence of naturally found antioxidants 

(tocopheros and astaxanthin) in the crude salmon oil; they also found that marine lecithin 

assembled into highly stable liposomes.   The droplet size of these liposomes were less than 200 

nm (Belhaj et al. 2010).   
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 The use of solid lipid micro and nanoparticles is another strategy to protect lipids 

(Cortesi, Esposjto, Luca, & Nastruzzi, 2002; Weiss et al. 2008), where the lipid is imbedded in 

the core of a solid matrix. The particles are further stabilized by a surfactant layer of one or 

multiple emulsifying agents with varying hydrophilic-hydrophobic balance (HLB) values 

(Schubert & Müller-Goymann, 2005).  Studies have shown that particles generated from 

crystallized lipids rather than liquid lipids had better release control and stability behaviour of 

incorporated PUFAs.  This has been attributed to the reduced mobility of bioactives as a result of 

the physical entrapment within the lipid matrix (Gupta et al. 2006; Muller & Keck, 2004; 

Sivaramakrishnan et al. 2004). Besides enhancing the stability of bioactives, these nanoparticles 

are also ideal for targeted delivery and controlled release applications. The nanoparticles also 

enhance permeability of bioactive compounds through the walls of the gastrointestinal tract 

(Gupta et al. 2006; Muller & Keck, 2004; Sivaramakrishnan et al. 2004).  

2.3. Zein protein 

2.3.1. General characteristics of zein 

 Based on the solubility characteristics, proteins can be categorized into four major 

groups: albumins (water soluble), globulins (saline soluble), prolamines (alcohol soluble), and 

glutelins (soluble in dilute alkali solutions).  Zein, a prolamine protein that composes 60% (dry 

base) of corn gluten meal, is predominately found in the endosperm tissue of the corn (Lai, Geil, 

& Padua, 1999).  Zein is isolated from the gluten meal by using 86-88% isopropanol or 93-95% 

ethanol as solvents under pH 12.5 and elevated temperature (50-60 °C) for 30 minutes to two 

hours.  Precipitation of zein results from centrifugation followed by cooling the supernatant to -

15 °C and allowing it to dry to a powdered form (Shukla & Cheryan, 2001).    
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2.3.2. Composition of zein 

 The amino acid composition of zein explains its insolubility under aqueous conditions.  

Although deficient in basic and acidic amino acids, zein is rich in glutamic acid (21-26 %), 

leucine (20%), proline and alanine at 10% each.  The high quantities of nonpolar amino acid 

residues and the deficiency in charged amino acids contribute to the solubility behaviour of zein.  

The absence in tryptophan and lysine also accounts for its poor nutritional value (Cabra, 

Arreguin, Vazquez-Duhalt, & Farres, 2006; Gianazza, Viglienghi, Righetti, Salamini, & Soave, 

1977; Shukla & Cheryan, 2001). The Goldman-Engelman-Steitz (GES) hydrophobicity scale 

classifies amino acids on the basis of the water-oil transfer free energies of the hydrophobic and 

hydrophilic components in the amino acid side chains (Engelman, Steitz, & Goldman, 1986).  

Accordingly, 76.25% of the amino acid residues of zein are hydrophobic, with the highest level 

of hydrophobicity in alanine, leucine, proline and serine.  The aliphatic index, referring to the 

relative volume occupied by the aliphatic side chains, can also be used to describe the 

hydrophobic character of zein.  Another method, grand average of hydropathicity index 

(GRAVY), classifies proteins based on their solubility in water, where hydrophobic proteins 

have positive values and hydrophilic proteins show negative GRAVY indices. The amino acid 

sequence of zein yields a high aliphatic index (119.3) and a positive grand average of 

hydropathicity (0.27). Free energy of hydration based on zein's amino acid sequence has also 

been used to determine the relative hydrophobicity of the protein. In comparison to albumins and 

globulins, the hydration free energy for zein is less negative, indicative of higher hydrophobicity 

(Cabra et al. 2006). Although zein contains a greater abundance of hydrophobic and uncharged 

amino acids, the structure of the protein comprises both hydrophobic and hydrophilic domains 

allowing it to behave as a polymeric amphiphile under specific conditions (Wang, Yin, & Padua, 
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2008).  Beck, Tomka, & Waysek (1996) and Oh & Flanagan (2003) investigated the swelling 

behaviour and water sorption of zein. These researchers detected protein-water interaction, 

which is driven by the protein’s amino acid polar side chains.  Zein is therefore able to self-

assemble into several mesophases as controlled by the hydrophilic-lipophilic balance of the 

system.  

 The vast interest in fully characterizing zein by various methods has generated some 

confusion in the nomenclature of zein polypeptides, considering that the protein is a mixture of 

different peptides of various molecular size, solubility, and charge (Lawton, 2002; Shukla & 

Cheryan, 2001).  Zein has multiple fractions, including, α-, β-, γ-, or δ-, where α- and β-zeins are 

the two major fractions. The α-zein is defined as being soluble in 95% ethanol and represents 

approximately 80% of the total prolamine present in corn.  Compared to β-zein, the α-zein 

fraction contains less histidine, arginine, proline, and methionine (Shukla & Cheryan, 2001).  

Tatham et al. (1993) and Lai et al. (1999) reported that α-zein has two major bands named Z19 

and Z22 with molecular weights of 23-24 kD and 26-27 kD, respectively.  The β-zein contains 

methionine-rich polypeptides with molecular weight of 17-18 kD and is soluble in 60% ethanol. 

It is composed of α-zein molecules as well as other β-, γ-, and δ-zein fractions (Lawton, 2002).  

The β-zein accounts for 10-15% of total zein. γ-zein contains two peptide molecules: γ1-zein and 

γ2-zein with molecular weights of 27 and 18 kD, respectively.  Almost all of the β- and γ- 

carboxyl residues of glutamic and aspartic acids are amidated (glutamines and aspargines, 

respectively).  The δ-zein has a molecular weight of 10 kD (Cabra et al. 2006; Righetti, 

Gianazza, Viotti, & Soave, 1977).  Tatham et al. (1993) have reported that no sequence 

homology exist between α- zein and β-, γ-, and δ-zeins.  The totality of these characteristics 
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makes α-zein commercially viable as the other types of zein (β, γ and δ) have a tendency to gel 

rapidly, which is undesirable for many commercial applications (Lawton, 2002).   

2.3.3. Structure of zein 

  

The Z19 and Z22 primary structures of α-zein contain 210 and 245 amino acids, respectively 

(Lai et al. 1999). Non-repetitive N- (of about 10 residues) and C-terminal sequences (36-37 

residues) are separated by nine 20-residue domains in Z19 and ten 20-residue domains in Z22 

(Tatham et al. 1993). The conformations of zein in alcoholic solutions were initially investigated 

by ultracentrifugation, viscometry, birefringence, and dielectric constant studies and later 

confirmed by small-angle X-ray scattering (SAXS) (Matsushima, Danno, Takezawa, & Izumi, 

1997; Tatham et al. 1993).  The same researchers who conducted these studies reported that α-

zeins behave as asymmetrical particles in solution.  Analyses of the secondary structure of α-zein 

in solution via optical rotation, optical rotatory dispersion and circular dichroism indicated high 

α-helices content with an average range of 40-60% (Argos, Pedersen, Marks, & Larkins, 1982).  

The secondary structures of α-zeins in the solid state have also been investigated by Fourier 

transform infrared (FTIR) and solid-state carbon-nuclear magnetic resonance (NMR) 

spectroscopy, reporting a helical content of about 43%, which is in agreement with 

aforementioned methods, but a higher β-sheet content (28%) compared to  zein dissolved in 

solution (0-20%) (Forato et al. 2004; Forato, Bicudo, & Colnago, 2003). To date, a conclusive 

three-dimensional structure of α-zeins has not been established, though several models have been 

proposed.  In the early 1980s, Argos proposed a structural model consisting of nine topologically 

antiparallel and adjacent helices grouped within a distorted cylinder of oval cross-section with 

the helical and cylindrical axes aligned (Fig. 7a).  The structure was stabilized by intramolecular 
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hydrogen bonding maintained by the two polar segments of the hydrophobic helical wheel. The 

formation of a molecular plane of zein is established via the intermolecular bonding of the third 

polar segment of the helical wheel and the interaction of the glutamine residues in the turn 

regions that exist at the caps or ends of the cylindrical clusters (Fig. 7b) (Argos et al. 1982).  

 

Figure 7:  Argos model of zein based on nine-helical structures (a).  A proposed 

arrangement of zein proteins within a plane and for the stacking of molecular planes (b) 

(Adapted from Argos et al. 1982). 

  

This model of zein protein mixture in 70% methanol portrayed a globular formation with 

an axial ratio of 2:1, which is incompatible with the elongated molecular structure suggested by 

the physico-chemical studies done by Tatham et al. (1993). SAXS and viscometry results 
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indicate that α-zein proteins adopt an elongated asymmetric structure, approximating to prolate 

ellipsoids or rods in solutions of 70% (v/v) aqueous methanol.  A prolate ellipsoid of length 19.6 

nm and cross-section diameter 0.7 nm, or a rod of length 15.3 nm and diameter 1.38 nm, were 

interpreted based on SAXS data.  Further investigation using SAXS by Matsushima et al. (1997) 

indicated that the antiparallel helices of the tandem repeat units (each formed by a single α-helix 

and joined by glutamine rich turns or loops) linearly stacked in the direction perpendicular to the 

helical axis (Fig. 8). They suggested that the structural model of α-zein adopts an elongated 

rectangular prism shape with a length of 13 nm and an approximate axial ratio of 6:1 in 70% 

(v/v) aqueous ethanol.   

 

Figure 8: Structural model of α-zein (Z22). Helical secondary structure composed of nine 

adjacent repeating units and the glutamine rich turns or loops joining (Adapted from 

Matsushima, Danno, Takezawa, & Izumi, 1997). 

  

 SAXS results also suggest that reduced α-zein exists as an aggregate of four zein 

molecules rather than monomers in aqueous ethanol solution.   Based on NMR and SAXS 

studies in alcoholic solutions and FTIR spectroscopy in the solid state, Forato et al. (2004) 
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suggested a hairpin model of zein comprising of short helical extensions linked by loops, turns, 

or sheets. According to the environment, the helices would either extend or fold back on 

themselves.   A more recent structure proposed by Momany et al. (2006) is based on three 

superhelical (triple helix) structures, each consisting of three helical segments aligned in an 

antiparallel direction to each other and connected by a glutamine rich bend or turn (Fig. 9). They 

further reported that only the coiled-coil conformations could be used to build up this 

superhelical segment where all the nonpolar faces are on the interior of the triple-helix segment, 

while the glutamine side chains pointed away from the helical region. Lutein, the yellow pigment 

of corn, is thought to be bound to the totally nonpolar core of the superhelix. The resulting 

structure has an axial ratio of ≈ 6 or 7:1 in 90% (v/v) aqueous methanol. 

 

Figure 9:  Proposed model of Z19 whereall triple-superhelix segments are coupled and the 

N-terminal segment added (adapted from Momany et al. 2006). 
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2.4. Electrospinning 

2.4.1. History of electrospinning 

Fabrication of nanofibres is an intriguing area and captures a great deal of research activity 

worldwide.  The nano prefix is usually applied to materials having at least one dimension(s) less 

than 100 nm (Zhou & Gong, 2008). Synthesis of polymeric nanofibres by a century old process 

called electrospinning was first patented in 1902 by Cooley and Morton.  Ever since, this 

technique has been built and enhanced on.  Formhals was among the early pioneers of 

electrospinning in the 1930s.  He is often credited with the invention of this technology despite 

the earlier patents of Cooley and Morton.  Formhals developed several innovative set-ups to 

produce yarns made out of electrospun fibres (Formhals, 1934). Many recent electrospinning 

models can be traced back to his initial patents such as multiple spinnerets and parallel electrodes 

that were used to produce aligned fibres (Formhals, 1938a, 1938b, 1938c, 1939a, 1939b).     

One advantage to electrospinning is the ability to generate ultrafine fibres from a wide range of 

materials such as polymers, composites, semiconductors and ceramics (Chronakis, 2005; Huang, 

Zhang, Kotaki, & Ramakrishna, 2003).  It is therefore not surprising that over 4000 research 

publications in the past decade focused on various aspects of electrospinning  (Feng, 2002; 

Hohman, Shin, Rutledge, & Brenner, 2001; Yarin, Koombhongse, & Reneker, 2001) including 

electrospinning conditions (Deitzel, Kleinmeyer, Hirvonen, & Tan, 2001; Krishnappa, Desai, & 

Sung, 2003; Mit-uppatham, Nithitanakul, & Supaphol, 2004; Tan, Chan, & Heng, 2005) and the 

morphological characterization of fibres for applications  (Shawon & Sung, 2002; Van Royen, 

Schacht, Ruys, & Van Vaeck, 2006). A substantial review of electrospinning studies and their 

references can be found in the book by Ramakrishna et al. (2005). 
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Two competing methods for the production of nanofibres  are phase separation (van de 

Witte, Dijkstra, van den Berg, & Feijen, 1996) and template synthesis (Chakarvarti & Vetter, 

1998).  Despite the relatively low fibre production rate of electrospinning, few competing 

methods, if any, can match electrospinning in  its versatility, flexibility, and ease of fibre 

synthesis.  Growing interest in nanoscience and nanotechnology in the mid-1990s prompted 

researchers to realize the potential in nanofibre production process (Doshi & Reneker, 1995).  

Nanofibres, with their significantly large surface area to volume ratio (approximately 400-700 

times smaller in diameter than that of a human hair), have the potential to considerably improve 

current technology and find application in new areas. 

 

2.4.2. Electrospinning Fundamentals and Fibre Characterization 

It is important to understand the effects of electrostatics on liquids in order to better grasp 

the concepts of electrospinning.  In the late 1800s, electrodynamics served to explain the 

excitation of dielectric liquids under the influence of an electric charge (Larmor, 1898). In this 

method, uniaxial stretching of a viscoelastic solution is fundamental to the formation of 

nanofibres.  Figure 10 shows a common electrospinning apparatus used in most research 

laboratories.  Electrospinning requires a high voltage power supply (up to 30 kV), a syringe, a 

spinneret and a collecting device.  The electrospinning method is very similar to electrospraying, 

which is also termed electrohydrodynamic spray.  



28 
 

 

Figure 10: Schematic diagram of a common electrospinning setup.  

 

In a typical experimental setup, a polymer solution is held by its surface tension at the tip 

of the spinneret.  An electric field is applied to the solution, causing a mutual charge repulsion 

acting against the surface tension.  As the electric charge is increased, the hemispherical surface 

of the solution at the tip of the spinneret elongates toward the grounded collector, forming a 

conical geometry known as the Taylor cone (Taylor, 1969).  When the electric field reaches the 

critical value (typically above 5 kV/cm) at which the repulsive electric force overcomes the 

surface tension force, a charged jet of the solution is ejected from the tip of the Taylor cone 

(Schiffman & Schauer, 2008).  High speed cameras show that the jet is stable near to the tip of 

the spinneret and quickly enters a bending instability stage with further stretching of the solution 

jet due to the repulsive electrostatic forces.  As the jet travels in air, the solvent evaporates, 

leaving behind a charged ultrafine, polymer fibre which lays itself randomly on a grounded 
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collector (Schiffman & Schauer, 2008).  Figure 10 is a schematic representation of this process, 

showing the Taylor cone followed by the jet instability phase. 

If the jet breaks up into droplets, the process is called electrospraying.  It is common for 

beads and fibres to coexist.  This distinct morphology is formed when the fibre structure is not 

completely stabilized during electrospinning and the jet resists the extensional flow (Koski, Yim, 

& Shivkumar, 2004).   In order to avoid the formation of beads, an increase in the concentration 

of solution or the molecular weight of the polymer is necessary to improve the stabilization of 

viscoelastic forces and results in fibres with an enlarged diameter and fewer beads (Koski et al. 

2004).  Higher solution concentrations lead to the formation of flat, ribbon-like fibres (Koski et 

al. 2004).  This distinct morphology occurs when the surface of the fibre solidifies more rapidly 

than the inside;  it also occurs when the solvent is entirely removed from the inner parts, causing 

the skin-like structure to collapse (Fong, Chun, & Reneker, 1999; Guenthner et al. 2006; 

Woerdeman et al. 2005).  The diameter of the ultrafine fibre is also influenced by other 

parameters, including conductivity, applied voltage, spinneret tip-collector distance, and 

humidity (Theron, Zussman, & Yarin, 2004).  For instance, Buchko et al. (1999) demonstrated 

that reducing the spinneret tip-to-collector distance created a mesh with inter-connected fibres, 

and lowering the solution concentration reduced the electrospun fibre diameter.  Most fibre 

diameters occur in the sub-micron range, smaller than those obtained from conventional fibre 

drawing methods. The small diameter confers large surface area to electrospun fibres, 

approximately 300 m
2
/g, and generates fibres many kilometers long (Reneker & Fong, 2006; 

Reneker & Chun, 1996). An interesting feature of electrospun fibres is that the properties of a 

material can change substantially when its dimensions are reduced to nanometer scale (Reneker 

& Fong, 2006).  Typical electrospinning processes form random non-woven fibres. By 
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manipulating the collector setup and electric field, other forms of fibre assemblies can be 

obtained, such as  aligned fibre mesh, patterned fibre mesh, and convoluted fibres (Teo & 

Ramakrishna, 2006).   

2.4.3. Alternative electrospinning designs 

Production of electrospun fibres via a single spinneret setup is slow, typically at 1-2 mL/h 

polymer solution flow rate.  As a result, researchers have explored alternate setups without the 

use of spinnerets (Kameoka et al. 2003).  Yarin and Zussman (2004) developed a free surface 

electrospinning method, in which a shallow bath containing a lower layer of ferromagnetic 

suspension and an upper layer of a polymer solution is electrospun.  A magnetic field is applied 

to the bath by means of a permanent magnet or a coil.  The magnetic field induces the formation 

of multiple conical spikes on the surface of the magnetic fluid.  These spikes act as 

electrospinning sites when voltage is applied. The jet density at the tip of the conical was 12-fold 

higher (26 jets/cm
2
) when compared to a traditional single spinneret model (2.25 jets/cm

2
) (Yarin 

& Zussman, 2004).  In an alternate electrospinning approach, Dosunmu et al. (2006) used a 

porous tubular surface, with a pore size of 10 -100 µm, as an emitting electrode (Dosunmu et al. 

2006).  They reported that this setup allowed for jets to increase their yield by 250-fold when 

compared to a single spinneret design. While the mean diameters of fibres were similar in both 

setups (170.6 nm), the diameter distribution was broader with the porous tube design.  This could 

be explained by the variation in droplet size on the tube surfaces from which jets were emerging 

(Dosunmu et al. 2006).  Besides stationary spinneret design, as shown in Figure 10, other 

researchers have also successfully applied a rotating emitter assembly for electrospinning (Barris 

& Zelinka, 1987; Chung, Hall, Gogins, Crofoot, & Weik, 2004; Kim & Park, 2005).  The 

rotating emitter assembly enhances the evenness and spreading of the nanofibre.  Commercially, 
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Donaldson Company patented an emitter system with a rotating unit containing offset holes 

around its periphery, which faces the collector (Barris & Zelinka, 1987; Chung et al. 2004).  Kim 

and Park (2005) further enhanced this setup by introducing capillary spinnerets onto the rotating 

emitters.   

Dubson and Bar (2002) generated twisted fibre bundles by using stationary or rotating 

auxiliary electrodes. They showed that the strength of the electrospun nonwoven material could 

be improved by using alternating current (AC) instead of the direct current commonly used by 

other researchers (Dubson & Bar, 2002; Kessick, Fenn, & Tepper, 2004).  With this setup, 

whipping of the fibre jet during electrospinning was reduced, resulting in increased fibre 

diameter. This was attributed to the reduced net charge on the fibre surface with the AC 

approach, which in turn reduced the electrostatic forces that generate fibre instability (Kessick et 

al. 2004). Other novel methods, such as applying vibration technology to the process, reduced 

the viscosity of the solution (melt), enabling the use of lower voltage and the formation of 

smaller fibres (He, Wan, & Yu, 2004; Wan, He, & Yu, 2007); the design of the electrospinner 

became necessarily more complex.  Another innovative method is to use air flow to aid the 

electrospinning process by stabilizing the Taylor cone (Kim & Park, 2005; Larsen, Spretz, & 

Velarde-Ortiz, 2004).  

Most laboratory-scale electrospinners are arranged downwards or horizontally. The 

downward approach is less desirable due to dripping of polymer solution onto the collector, a 

shortfall which can be avoided by using upward electrospinning approach. With the latter, the 

excess solution can be retrieved using overflow collection spinnerets (Kim & Park, 2005; Lukáš 

et al. 2009).  Yang et al. (2009) observed that with the vertical set-ups, downward 

electrospinning produced fibres that were thinner in diameter (170 ± 45 nm) and had the  
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broadest fibre diameter distribution when compared to upward setup (500 ± 120 nm), indicating 

that the degree and extent of whipping during electrospinning increases with gravity.  In the 

upward system, the average fibre diameter was the largest while the fibre diameter distribution 

was the narrowest. The horizontal type system resulted in average fibre diameter (250 ± 70 nm) 

and size distribution in between upward and downward setups.  In another study, the effect of 

gravitational force on electrospinning process was negligible with respect to the electric field 

forces (Rodoplu & Mutlu, 2012).  However, the researchers reported that gravity had an effect on 

the shape of the polymer droplet and the Taylor cone generated, which ultimately impacted the 

morphology of fibres (Rodoplu & Mutlu, 2012). 

Polymer blends are used to improve specific properties, structures or functionalities of 

nanofibres.  This is achieved by using separate spinnerets or a modified compound spinneret 

capable of carrying two or more solutions.  The advantage of this approach is that it enables the 

use of polymers that do not have a common solvent, which normally makes the blending of 

polymers into the same solution impossible (Tsai, 2005).   Ding et al. (2004) studied this concept 

by using poly(vinyl alcohol) (PVA)/cellulose acetate (CA) and obtained a blended fibre mat with 

uniform properties.  A widely used method for preparation of bi-component fibres is the use of 

co-axial electrospinning, which results in the formation of core-shield structured fibres (Lallave 

et al. 2007).   

In order to increase the production throughput, industry makes use of multi-spinneret 

designs.  Spinnerets can be arranged in various ways, taking the shape of a circle or an arc (Lee, 

Kim, Bang, Jung, & Lee, 2003).  They may also be packed together to form rows with a certain 

minimum inter-spinneret distance to avoid electrical interference (Kim, Cho, & Kim, 2006).  To 
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improve the nanofibre deposition and to prevent distortions in the electric field, an auxiliary 

electrode, capable of stabilizing the spinning process, has been used (Kim, Cho, & Kim, 2006). 

Electrospun nanofibres can be aligned by a number of different techniques (Teo & 

Ramakrishna, 2006). For instance, rotating cylinders have been used as a collector to orient the 

morphology of the fibres (Barhate, Loong, & Ramakrishna, 2006). It has been observed that 

fibres collected in this manner have an increased packing density which ultimately reduces the 

porosity of the mesh (Barhate et al. 2006).  With the aid of an additional guide electrode and 

sideways movement of the cylinder, a single fibre can be deposited around the cylinder 

(Sundaray et al. 2004).  In addition, aligned bundles of fibres can be produced by collecting 

nanofibres on the sharp edge of a rotating disk (Theron, Zussman, & Yarin, 2001).  An 

alternative approach to obtaining aligned fibres is to use two collectors arranged in a parallel 

configuration separated by a gap.  The electrostatic interactions cause the electrospun fibres to 

form a parallel array across the gap  (Li, Wang, Xia, & Uni, 2003).  Katta et al.  (2004) combined 

the two methods by introducing a rotating drum collector consisting of wires with a gap in 

between, resulting in more aligned fibresfibres.  Figure 11 (a-c) represents a schematic diagrams 

of the various electrospinning set-up modifications (Teo & Ramakrishna, 2006).   
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Figure 11:  Electrospinning setup to modify electric field (a), collector system (b) and 

increase production rate (c).  Adapted from Teo & Ramakrishna, (2006). 
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2.4.4. Polymer Solutions and Solvents 

Many polymers have been successfully electrospun into fibres. This is usually achieved 

by solution electrospinning in which the polymers are solubilized in an aqueous or organic 

solvent, depending on the polymer’s polarity. For food and nutraceutical applications, polymers 

soluble in aqueous solutions, such as those based on protein (e.g., zein, gelatin, soy protein 

isolate, whey protein isolate), polysaccharide (alginate, modified cellulose, chitosan) and other 

synthetic polymers (poly(vinyl alcohol) (PVA), poly(ethylene oxide) (PEO)) are common due to 

their GRAS status and biocompatibility (Huang et al. 2003).  Melt electrospinning, on the other 

hand, can be achieved by heating the polymer above its melting point and spinning the molten 

polymer, similar to solution electrospinning. Melt electrospinning has the advantage of reducing 

exposure to toxic solvents.  However, thermal degradation of the polymer and the bioactives is a 

concern. Moreover, the requirement of accurate temperature control renders the setup for melt 

electrospinning more complicated (Huang et al. 2003). For this review, we will focus on solution 

electrospinning. 

The electrospinning process is greatly influenced by the properties of the polymer 

solution, namely the viscosity, surface tension, and electrical conductivity; each of these will be 

discussed in this section. Viscosity, a measure of the resistance of fluid to flow, plays an 

important role in the stabilization of the polymer jet as it takes flight towards the collector.  

Viscosity is directly proportional to the concentration of the solution and the molecular weight of 

the polymer (Shenoy, Bates, Frisch, & Wnek, 2005). When dispersed in a solvent, flexible 

polymer will take a random coil conformation, each chain occupying the space of a sphere with a 

radius of gyration (Rg) (Teraoka, 2002).  In a less viscous concentration, the polymer chains are 

distributed randomly with few inter-chain entanglements (Huang et al. 2006).  Alternatively, 
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when these chains occupy the whole volume of the solution, a scenario typically encountered in 

the electrospinning of polymer solutions, overlapping of polymer molecules occurs and increases 

chain entanglements (Teraoka, 2002).  The extent of chain entanglement is influenced by the 

structure and the conformation of the polymer chain in solution.  A linear polymer would have a 

lower overlap-to-entanglement concentration ratio and higher viscosity relative to a branched 

polymer of equivalent molecular weight. Accordingly, fibre formation during electrospinning is 

more challenging with hyper branched polymers compared to linear polymers due to a lack of 

chain entanglements in the former (McKee, Wilkes, Colby, & Long, 2004).   

 Another important factor affecting the electrospinning process is solvent quality. An ideal 

solvent allows for the polymeric chains/coils to expand, whereas in a poor solvent the polymer 

adopts a compact coil formation (Hiemenz & Lodge, 2007). The solubility of a polymer is 

dependent on the Gibbs free energy of mixing (GM). When a polymer is mixed with a pure 

solvent at a given temperature (T) and pressure, the change of GM can be calculated as follows: 

                                                                                                                      (1) 

where ΔHM is the enthalpy change of mixing and ΔSM is the entropy change of mixing. The 

polymer dissolution will take place only if ΔGM is negative, when the system in equilibrium 

minimises its free energy. In Eq. (1), ΔSM is always positive because macromolecular 

conformations are more mobile than in a solid polymer and solvent in a separated state.  As a 

result of this, the term −TΔSM is negative and therefore drives the components of the system to 

mix.  Conversely, the enthalpy change of mixing, ΔHM, may be either positive or negative, which 

ultimately dictates whether a polymer can be mixed with the solvent. 
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Solubility parameters can be determined by direct measurement, correlation with other 

physical parameters, or indirect calculations (Small, 1953). These parameters are of technical 

importance in the field of electrospinning and have been explored for many different polymers 

(Lubasova & Martinova, 2011; Nakano, Miki, Hishida, & Hotta, 2012; Papadopoulou et al. 

2011).  Considering that the term ΔSM  is relatively small for polymeric solutions, ΔHM must be 

even smaller than TΔSM in order to obtain a negative ΔGM to achieve solubility.  To calculate the 

ΔHM value, Hildebrand and Scott (1964) introduced the following equation: 

                                                              
   

  
       (     )

                                         (2) 

where δ1 and δ2 are Hildebrand solubility parameters for a polymer and a solvent, and Vm denotes 

the molar volume. The solubility parameters determine the polymer solubility in a given solvent.  

The Hildebrand solubility parameter method was further extended by Hansen for the purpose of 

estimating the relative miscibility of polar systems and other systems that involve hydrogen 

bonds. Hansen split up the square of the Hildebrand solubility parameter δ
2 

into three 

components as a three-dimensional geometrical model: dispersion (δD), polar interaction (δP), 

and hydrogen bonding (δH) (Hansen, 2007) :   

     
    

    
        (3) 

 Figure 12 depicts Hansen's solubility model of polymer as a spherical volume in a three-

dimensional Cartesian coordination system, where the three solubility components (δD, δP, δH) 

are the axes. The radius of the sphere is the interaction radius (R).  A solvent with solubility 

components located near the centre of the Hansen solubility volume tends to dissolve the 

polymer by allowing the individual polymer chains to uncoil and stretch out. Alternatively, if the 

polymer is dissolved in solvents localised off-centre of the Hansen solubility sphere, polymer 
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chains remain coiled and grouped together, creating a solution of low viscosity (Burke, 1984).  A 

polymer chain configuration significantly affects the electrospinning process. In a study by 

Wannatong, Sirivat, & Supaphol (2004), polystyrene (PS) solutions prepared from 18 various 

solvents were reported.  They observed that a significant difference between the solubility 

parameters of PS and its solvent was responsible for the bead-on-string morphology of the 

resulting electrospun fibres.  Liu & Hsieh (2002) prepared polymer solutions of cellulose acetate 

(CA) dissolved in acetone, acetic acid and dimethylacetamide (DMAc) with a range of solubility 

parameters, surface tensions, viscosities, and boiling temperatures. They found that none of these 

solvents alone enabled continuous fibre formation. However, a mixture of DMAc with either 

acetone or acetic acid resulted in suitable solvent systems for electrospinning.  Nakano et al. 

(2012) found a strong relationship between the diameters of silicone polymer fibres and the 

solubility parameters of the solvents (i.e., acetone, benzene, butanone, chloroform, cycloheane, 

etc.). The solubility parameter of the silicone polymer should be lower than those of the solvents 

to obtain the thinnest fibres. This demonstrates that the solubility parameter could be a good 

criterion for selecting solvents when the fabrication of thinner fibres is desirable. 

From a practical standpoint, the volatility of the solvent can also affect the 

electrospinning behaviour of a polymer solution. Considerable challenges are observed for 

volatile solvents that evaporate and dry during electrospinning, resulting in the formation of a 

crust layer on the surface of the Taylor cone; this crust at the tip of the spinneret interrupts the 

spinning process (Lallave et al. 2007; Larsen et al. 2004).  This issue may be overcome by 

increasing the boiling point of the solution using a mixture of solvents, running the process at a 

lower temperature, and/or running the process under a saturated solvent atmosphere (Larsen et 
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al. 2004).  Periodic washing and general maintenance of the spinneret may also remedy the 

situation.   

 

Figure 12:  The Hansen solubility parameters for a polymer as depicted in the δD, δP, δH 

Cartesian coordinate system. The radius R is the interaction radius (R).  Solvent systems 

whose triplet solubility parameters are located within the Hansen volume, depicted as open 

circles, are solvents able to solubilise the polymer.  Solvents out of the Hansen volume, 

represented as crosses, are non-solvents for that polymer. 

 

2.4.5. Applications of electrospinning in food and nutritional sciences 

Food manufacturers are increasingly turning to encapsulation technologies as a way of 

delivering bioactive compounds in fortified foods to enhance nutritional value.  Moreover, 

immobilization by encapsulation of functional components is an area of great interest in new 

packaging strategies (Lopez-Rubio, Gavara, & Lagaron, 2006). The main objective of 

encapsulation in the food industry is to protect sensitive nutritional components from moisture, 

oxidation, heat and/or extreme conditions during processing.  In addition, encapsulation is also 
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being used as a tool to mask undesirable flavours and prevent interactions between food 

components.   

In the past, the major focus on encapsulation techniques has been based on ―micro‖ 

encapsulation, but the recent shift has been on exploring the potential ―nano‖ encapsulation 

techniques to deliver active molecules (Qi, Hu, Xu, & Wang, 2006; Stijnman, Bodnar, & Hans 

Tromp, 2011; Vega-Lugo & Lim, 2009; Zeng et al. 2003) To this end,  researchers have been 

attempting to investigate the possibility of electrospinning polymer solutions containing 

bioactive compounds (e.g., lipids, flavors, antimicrobials, antioxidants, drugs, enzymes).   

Fernandez et al. (2009) encapsulated β-carotene, a terpene that is widely known for its 

function as provitamin A and for its natural antioxidative properties.  It is also commonly used as 

a colorant in the food industry.  The challenge that exists with carotene and other carotenoids is 

their tendency to oxidize due to their conjugated double bonds, when exposed to light, heat, and 

oxygen during processing and storage.  In their study, β-carotene was encapsulated in ultrafine 

zein fibres via electrospinning.  Confocal Raman imaging spectroscopy showed that the terpene 

was well dispersed inside the zein fibres and its stability was enhanced.  By monitoring the 

terpene at 466 nm using UV-vis spectrophotometry, they showed that the electrospun β-carotene 

had a higher light stability than the free terpene (Fernandez et al. 2009).   

Polyphenol extract from green tea, (-)-epigallocatechin gallate (EGCG), is a potent 

antioxidant, antimicrobial, and possesses other health promoting effects (Landis-Piwowar et al. 

2007).  However, it is pH sensitive and is susceptible to oxidative degradation. In one study, 

electrospun zein fibres were used as an encapsulant to protect the polyphenol (Li et al. 2009).  

The objective of the study was to stabilize (-)-epigallocatechin gallate (EGCG) under typical pH 

and thermal conditions encountered in food.  The authors reported an enhanced stability of 
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EGCG under acidic condition, and that stronger protection of EGCG was observed when the 

fibres were aged for at least 24 hours under dry conditions at ambient temperature before the 

exposure to their aqueous food model systems.  

Vega-Lugo and Lim (2009) successfully electrospun a soy protein isolates (SPI)/PEO 

blend and poly(lactic acid) (PLA) fibres to acheive controlled release of allyl isothiocyanate 

(AITC), a naturally occurring antimicrobial compound. In their study, AITC was pre-

encapsulated in β-cyclodextrin or added directly to the fibre-forming solutions. They found that 

the amount of AITC released under dry conditions was minimal, but the release was substantially 

augmented as the relative humidity (RH) increased. Electrospun fibres have also been utilized for 

active packaging applications.  Zhou and Lim (2009) explored the feasibility of activating the 

lactoperoxidase (LP) system in milk by glucose oxidase (GOX) immobilized in electrospun PLA 

microfibres. They demonstrated the enzyme could be encapsulated successfully by 

electrospinning a w/o emulsion of PLA solution, prepared in a blended solvent of chloroform 

and dimethylformamide. They also reported that the glucose oxidase, encapsulated within the 

electrospun PLA membrane, could activate the lactoperoxidase system in milk, releasing 

hypothiocyanate ions, which have antimicrobial activity (Zhou and Lim, 2009). These findings 

may stimulate further research into using electrospun fibres for active packaging in applications 

like extending the shelf life of milk.
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Chapter 3 Problem statement and general objectives 

3.1. Problem statement 

 The simplicity of the electrospinning process, the diversity of electrospinnable materials, 

and the unique features associated with electrospun fibres make this technique and resultant 

materials attractive for biomedical applications such as drug delivery, tissue engineering, wound 

dressing and cosmetics.  Other applications have focused towards the functional materials and 

devices generated such as composite reinforcement; filters, protective clothing and smart textiles.  

Despite these advancements, few publications have focused on utilizing electrospinning 

technology for protection of micronutrients for food process applications, especially those that 

are prone to degradation.  

 Fish oil is rich in ω-3 fatty acids, and is considered beneficial for human health. 

However, since these lipids are susceptible to oxidative degradation in many food fortification 

and nutraceutical supplement applications, they therefore need to be protected.  In this study, 

electrospun zein fibres were used for the encapsulation of ω-3 fatty rich fish oil by using a 

modified electrospinning setup.  In order to elucidate the different fibre morphologies observed, 

basic understandings on material properties are needed. To this end, methods related to studying 

the polymer solution, namely Hansen solubility parameters, dynamic surface tension, viscosity, 

solvent vapor pressure, and electrical conductivity are important.  To understand the interaction 

of polymer, solvent, and the lipid components, an analysis at the molecular level is needed. 

Through FTIR spectroscopy,  changes in protein secondary structure of the zein fibres, as well as 

evaluation of the nature of zein-lipid interactions are evaluated.  Morphology of the 

electrospun/electrosprayed zein, as well as the distribution of lipid in the protein carrier, are 
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expected to determine the encapsulation efficiency and release behaviour under gastrointestinal 

conditions. Thus, morphological characterization of fibres via scanning electron microscope 

(SEM), transmission electron microscopy (TEM) and fluorescent microscopy are essential. 

These data are important to understand the encapsulation efficiency of zein encapsulant prepared 

using different formulations, as well as the oxidative stability of fish oil under typical 

storage/processing conditions.  Finally, from an end use application standpoint, the release 

behaviours of the fish oil from the zein carrier under simulated in vitro gastrointestinal 

conditions is needed to be evaluated to ensure that the encapsulated fish oil remains available for 

absorption in the intestinal.   

3.2. General objectives 

1. To develop methodology to encapsulate fish oil using electrospun zein fibres and to optimize 

the zein solution formulation and electrospinning conditions for the encapsulation of fish oil. 

2. To study the effects of solution parameters and fish oil on the physicochemical properties of 

zein fibres and to elucidate the molecular interaction between fish oil and zein fibres. 

3. To study the stability of encapsulated fish oil and free fish oil under oxidative conditions. 

4. To investigate the release mechanism of encapsulated fish oil under simulated in vitro 

gastrointestinal conditions. 
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Chapter 4   Fabrication of fish oil containing electrospun zein fibres and their 

physicochemical properties 

Content submitted for publication in Food Hydrocolloids 

4.1.   Introduction  

  Essential polyunsaturated fatty acids (PUFA), such as eicosapentaenoic acid (EPA; 20:5) 

and docosahexaenoic acid (DHA; 22:6) of the (ω-3) family, are commonly found in fish or 

marine oils. In human beings EPA and DHA cannot be synthesized de novo from simple 

hydrocarbon precursors, and therefore, these essential fatty acids must be obtained from the diet 

to maintain and promote good health (Innis, 2007). Due to their high degree of unsaturation, 

PUFAs are susceptible to oxidative degradation, which will have a negative impact on their 

nutritional and sensory qualities (Awada et al. 2012; Esterbauer et al. 1991; Kanner, 2007; 

Uchida, 2000). Consequently, it is essential to protect PUFAs and understand their oxidation 

kinetics in order to incorporate them as food additives. To this end, PUFAs have been 

encapsulated using techniques such as spray drying, extrusion, fluidized bed coating, 

coacervation, spray chilling, molecular inclusion, protein precipitation, liposome entrapment, and 

hydrogel entrapment (Gibbs et al. 1999; Remondetto et al. 2004; Yuliani et al. 2004). These 

methods typically produce capsules ranging from several microns to millimeters in size. 

 Electrospun fibres have captivated a great deal of research activity for encapsulation 

purposes due to their submicron thickness and unique properties.  Electrospinning of fibres 

involves charging a polymer solution exiting from a spinneret with high voltage, typically in the 

order of 5 kV/cm. The resulting induced electrostatic repulsion causes the polymer solution to 

eject towards a grounded collector. As the polymer jet takes flight in the air, it undergoes 

bending instability and stretches into ultrafine fibres. Concomitantly, the evaporation of solvent 

causes the polymer solution to solidify, with the fibre finally depositing on the collector as a 



45 
 

nonwoven mat (Taylor, 1969).  The electrospinning behaviour and fibre morphologies are 

influenced by a number of parameters, including solution properties (e.g., viscosity, 

conductivity, surface tension) and electrospinning process parameters (e.g., spinneret-collector 

distance, temperature, humidity) ( Li et al. 2009; Vega-Lugo & Lim, 2012).  

 Zein protein from corn is not soluble in water due to the large quantity of hydrophobic 

amino acid residues (glutamine, proline, leucine, and alanine) that represent about 30% of the 

protein composition (Shukla & Cheryan, 2001).  This property can be beneficial for the 

encapsulation of bioactives since crosslinking of the encapsulant polymer with a crosslining 

agent is not required. Previous studies have reported the use of electrospun zein fibres for 

encapsulation of (−)-epigallocatechin gallate (EGCG) (Li et al. 2009), stabilization of β-carotene 

(Fernandez et al. 2009) and have explored the use of this biopolymer for biomedical applications 

(Brahatheeswaran et al. 2012; Sun, Williams, Hou, & Zhu, 2013; Torres-Giner, Ocio, & 

Lagaron, 2009; Xu, Karst, Yang, & Yang, 2008). The objectives of this study are to: (1) develop 

a methodology to encapsulate fish oil; (2) elucidate the solvent effects and the addition of fish oil 

on morphological characteristics of the electrospun zein fibres; and (3) characterize the resulting 

secondary structures of the protein fibres via FTIR spectroscopy analyses. 

4.2.   Materials  

 Zein prolamine was purchased from Sigma-Aldrich (grade Z3625; St. Louis, MO, USA) 

and was used as received without further purification.  Fish oil was donated by Ocean Nutrition 

Canada Ltd. (Dartmouth, NS, Canada).  Anhydrous ethanol was supplied by Commercial 

Alcohols (Brampton, ON, Canada). Anhydrous isopropanol and hexane (HPLC grade) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA).   
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4.3. Encapsulation of fish oil and its solution properties  

4.3.1. Solution preparation  

 Zein (10 and 20% w/w) was dissolved in 70% (w/w) aqueous ethanol or isopropanol 

solutions, to study the effects of zein concentration and solvent type on the morphology of 

electrospun fibres.  Zein polymer solutions were prepared by dispersing the zein powder in the 

aqueous alcohols and stirred for 15 min using a magnetic stirrer set to 1200 rpm. Solutions were 

prepared in a 15 mL capped vial to prevent solvent evaporation.  Fish oil (0 to 30%, w/w of the 

protein) was added to the polymer solutions and further stirred in the dark for 15 minutes.  All 

experiments were conducted at room temperature (21 ± 2
o
C). 

4.3.2.  Hansen solubility parameter (HSP) 

 HSP values were calculated to elucidate the multiple component effects of solvent on the 

solubilisation of zein and on the overall morphology of the electrospun fibres. Total solubility 

parameter was calculated based on sum of the squares of the Hansen partial parameters due to 

dispersion (δD), polar interaction (δP), and hydrogen bonding (δH) (Hansen, 2007) :   

     
    

    
        (1) 

and those for the mixture solvents were calculated according to:  

        
  ∑      

       (2) 

where n is the δD, δP and δH components and φ, the volume fraction of specific solvent, i, 

components and were calculated as follow:  

 (               )  
(                  )⁄

(                  )⁄   (                  )⁄
                 (3) 
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where ρ is the density of each component. The solubility parameter ―distance‖ (Ra) between two 

materials was calculated from their respective partial solubility parameter components (Hansen, 

1967): 

   √ (       )  (       )  (       )                            (4) 

The unit of solubility parameters is (MPa)
1/2

.  Relative energy difference (RED) is defined as Ra 

divided by Ro, where Ro is the radius of a Hansen solubility parameter sphere. A small RED 

value indicates high affinity between the components, while a value close to 1.0 implies poor 

affinity (Hansen, 2007). To further complement the HSP results and account for the presence of 

an aqueous phase of the solvents, Flory–Huggins’ χ12 parameter was also estimated based on the 

following equation (Hansen, 2007):  

          ⁄                                                             (5) 

where V is the molar volume of the solvent, R is gas constant, T is the absolute temperature, and 

A12 was calculated as follow:  

    [(       )
      (       )

      (       )
 ]                          (6) 

4.3.3. Solvent Vapour Pressure  

The vapour pressure  Pο of the solvents were calculated from their boiling point TB and 

heat of vaporization ΔHvap by using the Clausius-Clapeyron equation (Smith, 2004):  

      * 
     

 
(
 

  
 

 

  
)+                                                    (7) 

where To is the given temperature, and PATM is the atmospheric pressure. Raoult’s law was used 

to determine the vapour pressures of the mixtures:  

       ∑            (8) 

where i is the solvent component index and Xi is the mole fraction. 
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4.3.4. Solution Viscosity 

Solution viscosities were determined using a shear capillary rheometer mounted on an 

Instron Universal Testing Machine (Model 1122; Instron, Norwood, MA, USA). Tests were 

conducted at different crosshead speeds (100, 200, 300, 400, and 500 mm/min). The length of the 

capillary was 150 mm and the inner diameter was 1.5 mm. The area of the plunger was 5.3 cm
2
.  

The viscosity was measured by considering the relation between the pressure drop (related to 

shear stress) and the flow rate (related to shear rate) (Alborzi, Lim, & Kakuda, 2010; Carreau, De 

Kee, & Chhabra, 1997; Steffe, 1992; Vega-Lugo & Lim, 2008).  The shear stress, σ (Pa), was 

calculated as follow: 

  
 

   (
  
  
)
                                                    (9) 

where F is the force on plunger (kgF), Ap is the plunger area (m
2
), Lc is the length of the capillary 

(m), and Dc is the capillary diameter (m).  The Rabinowitsch correction was applied as follows 

when calculating the shear rate,  ̇ (1/s): 

 ̇  
    

  
   

    
 

  
       (10) 

where n is the flow behaviour index (dimensionless), V is the crosshead speed (m/s), dp is the 

diameter of plunger (m), and dc is the capillary diameter (m). The slope of the log (σ) versus log 

( ̇) was used to determine the n value.  Subsequently, the apparent viscosity, μ, expressed in Pa.s 

was calculated as follow:  

    ̇⁄       (11). 

A power law model was fitted to the shear data: 
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    ̇         (12) 

where m is the consistency coefficient (Pa.s
n
). An n value of one is considered as Newtonian 

fluid and less than one a shear thinning solution.   

4.3.5. Solution Conductivity and Surface Tension 

Electrical conductivity of the polymer solutions, in the presence or absence of fish oil, 

was determined using Accumet® XL20 (Fisher Scientific, Ottawa, ON, Canada). Dynamic 

surface tension values of the zein polymer solutions (0 to 30% w/w of fish oil) were determined 

using a bubble pressure tensiometer (model F10; SITA Messtechnik, Dresden, Germany). The 

tensiometer is equipped with a capillary with a radius, r, through which air was bubbled into the 

polymer solution at varying bubbling frequencies.  From Young–Laplace’s equation, the 

pressure needed to transfer the bubble into the polymer solution can be used for calculating the 

surface tension: 

       ⁄         (13) 

where Δp is pressure difference and γ is the surface tension. 

4.3.6. Electrospinning process 

 Preliminary experiments indicated that the zein solutions had a tendency of clogging the 

spinneret tip during electrospinning.  Moreover, the addition of lipids to the zein solution further 

slowed down the electrospinning process.  In order to overcome these challenges, the polymer 

solutions were electrospun using a modified inverted setup to enable continuous fibre spinning 

(Fig. 13).  The solvent reservoir in this setup provided a vapour source that effectively reduced 

the evaporation rate of the solvent, preventing the polymer solution from solidifying at the tip of 

the spinneret.   
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Zein solution was loaded into a 3 mL disposable plastic syringe. The solution was 

pumped to a 16-gauge blunt end stainless steel needle spinneret (Fisher Scientific, Ottawa, ON, 

Canada) at 1 mL/h flow rate by means of an infusion pump (Model 780100; Kd Scientific Inc., 

Holliston, MA, USA). The spinneret was connected to the positive electrode of a direct current 

power supply (Model ES30R-5W/DM; Gamma High Voltage Research, Ormond Beach, FL, 

USA).  To prevent electrical leakage, the syringe was covered with rubber insulation to isolate it 

from the grounded infusion pump.   The applied voltage and spinneret-collector distance were 20 

kV and 20 cm, respectively.  The collector was covered with aluminium foil to facilitate fibre 

retrieval.  All electrospinning experiments were carried out at 21 ± 2 
o
C under 40% RH inside a 

versatile environmental test chamber (Model MLR-350; SANYO Electric Co., Ltd., Ora-

Gun, GU, Japan).   

 

Figure 13:  Schematic diagram of the modified electrospinning setup. 
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4.3.7. Morphological characterization of zein fibres  

 A scanning electron microscope (Model S-570; Hitachi High Technologies Corp., Tokyo, 

Japan), at an accelerating voltage of 10 kV, was used to evaluate the morphology of the 

electrospun submicron fibres.  These fibres were coated with 20 nm of gold using a sputter 

coater (Model K550, Emitech, Ashford, Kent, England). Image analysis software (Pro-Plus 5.1; 

Media Cybernetics Inc., Rockville, MD, USA) was used to determine the mean diameter of 

electrospun fibres by measuring them at 100 different points for each image.   

4.4.   Fourier transform infrared spectroscopy analysis 

 Infrared spectra of electrospun fibre samples were collected by using a FTIR 

spectrometer (model IRPrestige-21; Shimadzu Corp., Kyoto, Japan) equipped with an attenuated 

total reflectance (ATR) accessory (Pike Technologies, Madison, WI, USA). Samples were 

scanned from 600 to 4000 cm
-1

 at 4 cm
−1

 resolution. An average of 50 scans was taken for each 

spectrum.   

 Secondary structure analysis of zein fibres was conducted by deconvoluting the amide I 

region (1600-1700 cm
-1

) using Grams/32 spectral analysis software (Galactic Industries Corp., 

Salem, NH, USA). The wavenumbers for each of the underlying bands were estimated from the 

second derivative of the original spectra, and each band was fitted with Gaussian function. The 

secondary structural content was determined from the relative areas of the individual bands in the 

amide I region of zein accordingly to the literature (Li et al. 2009; Mejia, Mauer, & Hamaker, 

2007; Mizutani, Matsumura, Imamura, Nakanishi, & Mori, 2003; Zhang, Luo, & Wang, 2011). 
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4.5.   Powder XRD analysis 

 XRD patterns of the electrospun zein fibres were collected using a RigakuMultiflex 

Powder X-ray Diffractometer (Rigakug, Japan). The copper lamp (λ = 0.154 nm for copper 

anode) was set to 40 kV and 44 mA. Scans were carried out from 4° to 35° (2θ) at a scan rate of 

0.02°/min.  The d-spacing for a given scattering angle, 2θ, was calculated by application of the 

Bragg equation:  

         ⁄                  (14) 

where λ is the wavelength of the copper anode.  The width at the half maximum of a specific 

diffraction peak in the small angle region can be analyzed using the Scherrer equation to 

characterize the crystalline domain size (ξ):  

ξ           θ⁄                             (15) 

where k is the Scherrer constant that is dependent upon the lattice direction and crystallite 

morphology and FWHM in radians is the full-width at half-maximum height of the diffraction 

peaks, calculated by fitting the X-ray diffraction patterns with a Gaussian function (Origin 8 

software., Origin Lab., Northampton, MA, USA).  The Scherrer constant is a dimensionless 

shape factor which provides information about the ―roundness‖ of a particle. For a spherical 

particle, the shape factor is 1; for all other particles, the value is less than 1. A magnitude of 0.9 

is usually used for crystallites of unknown shape and also reported elsewhere (de Oliveira Mori 

et al. 2014; Huang et al. 2007; Marega et al. 1992). 
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4.6.   Statistical analysis 

 All determinations were carried out in triplicate and results were expressed as the mean 

values ± standard deviations.  Significant differences among treatment samples were assessed 

with analysis of variance (one-way ANOVA with Tukey’s post hoc test), using the statistical 

software SPSS 17 (SPSS Inc., Chicago, IL, USA).  The probability of test statistic (p) was set at 

0.05. 

4.7.   Results and discussion 

4.7.1. Effects of solvent type, zein concentration and fish oil loading on fibre 

morphology 

 At low polymer concentration (10% w/w) irrespective of the solvent used (Fig. 14 a-b), 

electrosprayed zein aggregates on the collector were observed.  However, at higher polymer 

concentration (20% w/w), the zein solution prepared in aqueous ethanol solvent resulted in 

smooth ribbon-like fibres (Fig. 14c) while a combination of beads and fibres was observed with 

zein solutions prepared in isopropanol solvent (Fig. 14d). The beads were homogenously 

dispersed throughout the fibre mesh with maximum diameters of approximately 4 µm and an 

average size of 1 µm.  Since zein solutions at 20% (w/w) prepared in 70% (w/w) ethanol or 

isopropanol solvents provided the most stable electrospinning processes with consistent fibre 

morphologies, these polymer solutions were used for the subsequent fish oil encapsulation 

experiments.  Fig. 15 summarises the effects of fish oil loading on the morphology of 

electrospun zein prepared using aqueous ethanol solvent. The addition of 17% fish oil to the 

ethanolic zein solution did not result in significant change in diameter of the resulting 

electrospun fiber as compared with those produced from 0% fish oil zein solution (p<0.05). 

However, when 30% fish oil was loaded, significantly higher fiber diameter than the 0 and 17% 
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samples was observed (Fig. 15). By contrast, the addition of fish oil did not result in significant 

changes in fiber diameter for zein solutions prepared in aqueous isopropanol (Fig. 16). 

Comparing Figs. 15 and 16 at the same fish oil contents, overall, the ethanol solvent resulted zein 

fiber with significantly thicker average diameter than those prepared from aqueous isopropanol 

(p<0.05). Further discussions on the possible reasons for the variations in the morphologies are 

presented in the following sections. 

 

Figure 14:  Scanning electron micrographs of electrospun and electrosprayed zein using 

70% (w/w) aqueous alcohol solvents: (a) 10% (w/w) zein in aqueous ethanol; (b) 10% (w/w) 

zein in aqueous isopropanol; (c) 20% (w/w) zein in aqueous ethanol; (d) 20% (w/w) zein in 

aqueous isopropanol. 
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Figure 15:  Scanning electron micrographs of zein fibres electrospun from 20% (w/w) 

polymer solution prepared in 70% (w/w) aqueous ethanol, loaded with different levels of 

fish oils: (a) 0% w/w, (b) 17% w/w; and (c) 30% w/w. The histograms summarise the 

diameter distribution of the fibres. 

 

Figure 16:  Scanning electron micrographs of beaded electrospun zein fibres from 20% 

(w/w) polymer solution prepared in 70% (w/w) aqueous isopropanol, loaded with different 

levels of fish oils: (a) 0% w/w, (b) 17% w/w; and (c) 30% w/w. The histograms show 

diameter distributions of the fibres and beads. 
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4.7.2. Effects of solution properties on fibre morphologies  

The electrospinning process is highly influenced by the compatibility of the polymer and 

the solvent used. To improve the understanding of the effect of aqueous ethanol and isopropanol 

on the solubility of zein, HSP analysis was conducted. HSP analysis revealed that ethanol and 

isopropanol based zein solutions have RED values of 1.017 and 1.043, while the χ12 values were 

1.23 and 1.60, respectively (Table 2). The lower RED and χ12 values indicate that zein had 

greater solubility in ethanol than isopropanol solvents. The greater solubility of zein in ethanol 

might explain the smoother fibres observed than the isopropanol based fibres, as a result of 

greater chain entanglement in the former.  On the other hand, the formation of beaded fibres with 

isopropanol could be attributed to the lower polymer-solvent interaction, causing the surface 

tension of the solvent to dominate and favour the formation of spherical beads. Similar 

morphological characteristics have been reported by Selling et al. (2007), where poorer solvents 

induced bead formation rather than smooth, continuous fibres. In their study, zein solutions made 

from N,N-dimethylformamide (DMF), or acetone/water, which have higher RED values than 

present aqueous solvent systems, required higher electric fields to initiate electrospraying as 

compared with the present solvent system.  This further confirms the importance of protein 

solvation on the overall morphology of the materials generated via electrospinning. 

Table 2:  Hansen solubility parameters of solvents and solvent mixtures and their 

miscibility with zein.  Zein’s interaction radius, Ro = 11.9.  δ parameters, RED & χ12 were 

calculated. 

Solvent δd [MPa
1/2

] δp [MPa
1/2

] δh [MPa
1/2

] RED χ12 

Ethanol 15.8
a
 8.8

a
 19.4

a
 1.112 - 

Isopropanol 15.8
a
 6.1

a
 16.4

a
 1.179 - 

H2O-Total miscibility 18.1
a
 17.1

a
 16.9

a
 0.971 - 

70% Ethanol 16.4 10.9 18.8 1.017 1.23 

70% Isopropanol 16.4 8.9 16.5 1.043 1.6 
a
 values were obtained from Hansen (Hansen, 2007).  
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In addition to solubility of polymer, solvent vapour pressure (Po) is another important 

parameter that affects the morphology of the electrospun materials. Elevated Po will cause the 

droplet at the tip of the nozzle to dry quickly, causing the electrospinning to halt.  Alternatively, 

solvents with very low Po will impede the solvent evaporation during electrospinning, resulting 

in fused fibres or continuous films (Selling et al. 2007). Solvents with optimal vapour pressure 

are needed to enable the polymer jet to remain fluid during the bending instability phase of 

electrospinning, which is important to allow the stretching of the polymer jet into thin fibres.  

As shown in Fig. 14 (c-d), the vapour pressure of solvents induced collapsed or ribbon-

like structures. This is due to rapid evaporation of the solvent from the surface layer of the 

solution jet which leads to the formation of a skin layer that buckles under the pressure 

difference created (Arinstein, Avrahami, & Zussman, 2009). In the present study, the Po mix 

values for the 70% aqueous ethanol and isopropanol solvent mixtures were 7.81 x 10
-2 

and 4.34 x 

10
-2

 atm, respectively. The lower vapour pressure of aqueous isopropanol reduced the 

evaporation rate of the solvent, thereby preventing the clogging of the spinneret, as well as 

allowing the polymer jet to stretch further before solidifying. This property might have 

contributed to the smaller fibres observed with the isopropanol solvent, although other solution 

properties are important as well, as discussed below. 

All polymer solutions exhibit a non-Newtonian shear thinning behaviour (Fig. 17; Table 

3), in agreement with what has been previously reported (Fu & Weller, 1999; Menjivar & Rha, 

1980). As shown, ethanolic solutions had higher apparent viscosities for all treatments in 

comparison to isopropanol-based solutions. The higher apparent viscosity for ethanol based zein 

solution than the isopropanol solution might have contributed to the stabilization of the polymer 

jet during electrospinning, resulting in the formation of smooth electrospun fibres as shown in 
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Fig. 15. Similar observation was reported by Gupta et al. (2005), who demonstrated that diluted 

poly(methyl methacrylate) solutions with dilute concentrations produced beads due to the lack of 

polymer chain entanglement, while concentrated solutions led to the formation of continuous 

fibres (Gupta et al., 2005). Kong and Ziegler (2012, 2014) investigated the electrospinnability of 

starch and pullulan dissolved in dimethyl sulfoxide-water mixture by using the concept of 

entanglement concentration, derived from the intercept of the specific viscosity versus 

concentration plot in the semi-dilute unentangled and the semi-dilute entangled regimes. They 

reported that starch and pullulan concentrations of 1.2 to 2.7 times and 1.88-2.25 times of the 

entanglement concentration, respectively, are needed in order to produce continuous fibers. 

Other studies involving various polymer-solvent systems have also reported tendencies of 

decreasing the number of beads and increasing the overall fibre diameter as a result of higher 

solution concentration or viscosity (Fong, Chun, & Reneker, 1999; Jun, Hou, Schaper, Wendorff, 

& Greiner, 2003; Selling, Woods, & Biswas, 2012; Tao & Shivkumar, 2007; Zong et al., 2002).  

Fig. 17 also shows that the addition of fish oil resulted in increases of viscosity for both 

zein solutions, which can be in part attributed to the inherent higher viscosity of the fish oil than 

the aqueous alcohol solvents. As shown in Fig. 17, substantial increases in viscosity were 

observed when 17% of fish oil was added in both ethanol- and isopropanol-based zein solutions. 

However, only marginal increases in viscosity were observed upon further increasing the fish oil 

content from 17 to 30% level.  These results suggest that there was an interaction between fish 

oil and zein in the multiple component solution systems, possibly due to the reduced solubility 

and/or conformational changes of zein when large high quantity of fish oil was added. Thus, the 

increased viscosity in zein solution when the fish oil was added might not necessarily correlate 

with increased protein chain entanglement. 
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Figure 17:  Apparent viscosity values of 20% (w/w) zein solutions prepared in aqueous (a) 

ethanol and (b) isopropanol with various fish oil loadings.  Data are reported as mean ± 

standard deviation. 
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Table 3:  Power law parameters of different zein solutions at room temperature. 

Treatment 

Code 

Solvent 

Type 

Fish Oil 

Loading 

m (Pa.s
n
) n 

Z1 Ethanol 0% 0.073 ± 0.001
a 

0.847 ± 0.01
a 

Z2 Ethanol 17% 0.119 ± 0.001
b 

0.822± 0.011
b 

Z3 Ethanol 30% 0.131 ± 0
c 

0.822 ± 0.019
b 

Z4 Isopropanol 0% 0.058 ± 0
a
 0.818 ± 0.029

a 

Z5 Isopropanol 17% 0.092 ± 0
b
 0.816 ± 0.009

a 

Z6 Isopropanol 30% 0.094 ± 0.001
b
 0.798 ± 0.024

b 

Data are reported as mean ± standard deviation.  Different letters indicate significantly different 

values within each solvent based treatments.  ANOVA with Tukey’s post hoc test. (p<0.05)  

4.7.3.  Determination of conductivity and surface tension  

 Although polymer chain entanglement is critical for the formation of smooth fibres, 

electrical conductivity and surface tension properties are also important parameters in affecting 

the electrospining behaviours of zein polymer. In order to initiate jetting, positive or negative 

charges (depending on the polarity of the applied voltage) must move to the surface of the 

polymer solution emerging from the spinneret tip to establish electrostatic repulsion force 

(Alborzi et al. 2010; Angammana & Jayaram, 2011; Tang & Kebarle, 1991; Vega-Lugo & Lim, 

2012). For the zein solutions, the electrical conductivity decreased significantly (p < 0.05) from 

1029.8 ± 7.1 for the neat polymer solution to 976.0 ± 6.7 and 904.7 ± 9.1 µS/cm when 17 and 

30% (w/w) of fish oil was incorporated, respectively.  Similarly, in aqueous isopropanol, 

conductivity values for zein solutions containing 0, 17 and 30% (w/w) fish oil were 578.9 ± 3.1, 

532.6 ± 2.8, and 504.2 ± 3.6 µS/cm, respectively.  In general, an increase in the conductivity of 

the solution is desirable as this augments the repulsive charges on the pendant droplet, which will 

facilitate the jetting process. An increase in conductivity also induces greater transfer of surface 

charge to the spinning polymer jet, resulting in an increased electrostatic repulsion force 

responsible for inducing bending instability and stretching, which is critical for forming thinner 

fibres. The lower conductivity values of isopropanol solutions could explain why a greater 
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proportion of beads are generated in comparison to ethanolic zein solutions, attributed to a 

reduced surface charge transfer to the spinning polymer jet. Increasing fish oil content lowered 

the conductivity values in ethanol and isopropanol polymer solutions and yet interestingly still 

formed fewer beads. This further highlights the multi-factorial nature of electrospinning process 

and demonstrates that conductivity is not the sole driving factor that influences fibre 

morphology.  In this case, the increased polymer viscosity as a result of the addition of fish oil 

played a role in generating less beaded fibres.   

In order to initiate jetting, the surface charge repulsion force must overcome the surface 

tension.  Furthermore, the stretching force induced by the repelling charges must continue to 

overcome the surface tension of the jet as it travels towards the collector in order to avoid the 

formation of beaded fibres.  Therefore, a polymer solution with lower surface tension not only 

would favour jetting at lower applied voltage, but also prevent the formation of beads and 

therefore the production of uniform fibres (Haghi & Akbari, 2007).  Since electrospinning is a 

dynamic process, surface tension values determined from the static methods (e.g., Du Nouy ring 

and Wilhelmy plate) are not optimal for characterizing the surface tension properties of the 

protein solutions. In this study, a dynamic bubble pressure method was used instead.  

As shown in Fig. 18, aqueous alcohols alone had the lowest surface tension values with 

minimal change as the bubbling frequency increased. Similar trends were observed when the fish 

oil was added, although the surface tension values were higher compared to the solvents alone. 

This observation indicted that the added lipid increased the cohesive force of the solvents and 

that the lipids molecules were able to adsorb at the surface rapidly to strengthen the newly 

formed bubble surface. The addition of zein into the alcohol solvents resulted in a substantial 

increase in surface tension. Moreover, the addition of lipid further enhanced the surface cohesive 
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force, in magnitudes greater than when the lipid was added into the zein-free solvents. The 

synergistic effects suggest interactions between zein and the lipid; the lipid might have facilitated 

the unfolding of zein molecules.  

The zein solutions showed increasing surface tension values as the bubbling frequency 

increased. This phenomenon could be attributed to the enhanced strain hardening of the zein 

polymer chains at the air-liquid interface as the strain rate increased, providing the viscous 

resistance that acted against the developing bubbles. It is noteworthy that changes in surface 

tension with bubbling frequency for zein solutions in ethanol were higher than those prepared in 

isopropanol. This observation suggests that conformations of zein between the two solvents are 

different. In aqueous ethanol, a greater extent of chain entanglement might have occurred 

between zein molecules. This is consistent with the higher viscosity values of ethanolic zein 

solutions as compared with the isopropanolic counterparts (Fig. 17).  

Information presented in Fig. 18 could be useful for elucidating the changes of surface 

tension during electrospinning.  At lower bubbling frequencies, the surface tension value 

approximates that of the solution at the spinneret before jetting, while at high bubbling 

frequency, the surface tension value approaches that of the solution during spinning (Vega-Lugo 

& Lim, 2012). In general, polymer solutions of lower surface tension tended to favour the 

formation of bead-free fibres during electrospinning (Alborzi et al. 2010; Vega-Lugo & Lim, 

2012).  From Fig. 18, it is evident that at high bubbling frequency, the surface tension values for 

ethanol and isopropanol solutions were in the same order of magnitude. However, the 

morphologies for the electrospun materials were different (Fig. 14), indicating that surface 

tension was not the determining factor for the different morphologies observed. The greater 

viscosity and higher conductivity of the ethanol solutions compared to the isopropanol solutions 
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are likely the dominating factors that resulted in the observed bead free fibres in the former. This 

phenomenon has also been reported by Haghi and Akbari (2007), Alborzi et al. (2010), and 

Vega-Lugo and Lim (2012). 

 

Figure 18:  Surface tension measurements of 20% (w/w) zein solution in 70% (w/w) 

aqueous ethanol (a) and isopropanol (b) with various fish oil loadings.  Data are reported 

as mean ± standard deviation. See Table 3 for legends. 
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4.7.4. ATR-FTIR analysis of the secondary structure of electrospun zein fibres  

 Zein polymer has a strong absorbance at ca. 1645 cm
-1 

and 1540 cm
-1

, due to amide I and 

II vibration modes, respectively (Gillgren, Barker, Belton, Georget, & Stading, 2009). The 

former is mainly due to carbonyl (C=O) stretching and the latter is associated with N-H bending 

and C-H deformation.  The amide I region is made up of numerous underlying bands related to 

the secondary structure of the protein, including intermolecular β-sheets at ca. 1695-1685 cm
-1

, 

intramolecular β-sheets at ca. 1684-1670 cm
-1
, β-turns at ca. 1668-1660 cm

-1
, α-helices at ca. 

1659-1648 cm
-1

, random coil at ca. 1647-1640 cm
-1
, intramolecular β-sheets at ca. 1640-1630 

cm
-1
, and intermolecular β-sheets at ca. 1625-1610 cm

-1
 as described elsewhere (Ismail, Mantsch, 

& Wong, 1992; Jackson & Mantsch, 1995; Panick, Malessa, & Winter, 1999). In zein, α-helix is 

the predominant secondary structure, which can be characterized by studying the amide I band 

(Forato et al. 2004, 2003).  

 The amide I band for the zein powder occurred at ca. 1643 cm
-1

, but shifted to higher 

wavenumbers at 1647 and 1651 cm
-1

 for fibres electrospun from aqueous ethanol and 

isopropanol, respectively. It has been reported that the frequency of amide I is strongly 

influenced by the length of the α-helix structure, i.e., the longer the helical length, the lower the 

wavenumber for this band (Dousseau & Pézolet, 1990; Torres-Giner, Gimenez, & Lagaron, 

2008).
  
For instance, the amide I band for tropomyosin (containing 40 amino acids long helix) 

occurs at 1647 cm
-1

, while polylysine which is a considerably longer helix molecule (with 

thousands of residues), has an absorbance wavenumber at 1637 cm
-1 

(Dousseau & Pézolet, 1990; 

Dzwolak, Muraki, Kato, & Taniguchi, 2004).  Similar trends were reported by Argos, Pedersen, 

Marks, & Larkins (1982), Garratt, Oliva, Caracelli, Leite, & Arruda (1993), and Matsushima, 

Danno, Takezawa, & Izumi (1997). On the basis of these reported findings from the literature, 
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the higher wavenumber observed for amide I for the isoproponol fibres might imply the 

formation of shorter α-helix structures compared to those present in the electrospun ethanol 

fibres.  The shorter α-helices in isopropanol fibres could be one of the contributing factors for 

their beaded morphologies (Fig. 14d) as a result of a decrease in polymer entanglement.  

 The amide I band for electrospun fibres obtained from aqueous ethanol solution shifted 

from 1649 cm
-1

 to 1647 cm
-1

 when 30% w/w of fish oil was added. Similarly for fibres from 

aqueous isopropanol solution, the amide I band occurred at a higher frequency (1651 cm
-1

) than 

the same band for fibres loaded with 30% fish oil (1649 cm
-1

). These observations suggest that 

the interaction of fish oil with zein protein altered the secondary structure of the protein, which 

might have contributed to the observed changes in morphologies of the electrospun fibres. 

 The secondary structure contents of zein in the electrospun fibres were estimated from 

the relative areas of the individual deconvoluted band components in the amide I region (Fig. 

19). As shown, the α-helix contents of zein fibres electrospun from the ethanol solution were 

greater than those found in isopropanol fibres. Moreover, the additions of fish oil also induced 

increase in α-helix contents, for both ethanol and isopropanol fibres. Intermolecular β-sheet 

contents increased with increasing fish oil loading for both fibres, although the trends for the 

intramolecular β-sheet contents between 1630-1640 cm
-1

 and 1670-1684 cm
-1

 wavenumber 

ranges were inconsistent. A sharp decrease of β-turn content for the ethanol fibres was observed 

when fish oil was added. By contrast, a minimal change in β-turn content was observed for the 

isopropanol fibre when fish oil was added. These results indicate that the structural conformation 

of electrospun zein fibres vary as a result of solvent type and fish oil loading. 
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Figure 19:  Positions and relative areas of the bands fitted to the Fourier deconvoluted 

spectra of zein fibres generated from 0% (Z1) or 30% (Z3) fish oil in 70% ethanol  and 0% 

(Z4) or 30% (Z6) fish oil in 70% isopropanol .  Bands were assigned to the component of 

the secondary structure. Data are reported as mean ± standard deviation. 

 

4.7.5. Powder XRD analysis 
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approach of neighboring helices (Kayaci & Uyar, 2012; Lai et al. 1999). A spatial structure 

model for zein containing 9 or 10 successive helical segments has been proposed by Lai et al. 

(1999) and Matsushima, Danno, Takezawa, & Izumi (1997).  The helices are folded upon each 

other in antiparallel fashion, linked at each end by glutamine-rich turns or loops, and stabilized 
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(the monomer prisms of a zein molecular aggregate are staggered by one radius with respect to 

each other).  In this case, 10-14 Å spacings were considered to be reasonable for the average 

distance between zein helical axes within an aggregate depending on the size of the side chains.  

The zein fibrous membrane containing fish oil showed a predominantly amorphous state 

indicating that fish oil molecules were distributed in the zein fibre matrix without forming any 

phase separated crystal aggregates.  Figure 20a demonstrates the XRD patterns for zein powder, 

(b-e) electrospun fibres generated from the following formulations: (b) Z1, (c) Z3, (d) Z4 and (e) 

Z6.  The crystallite diameters (ξ) calculated from the diffractograms indicates no differences in 

crystallite diameter of zein fibres upon addition of oil or the type of solvent used, however a 

decrease in interplanar distances (d) was observed at ca. 2θ = 9.0◦ in the presence of fish oil, 

irrespective of the solvent type.  Concomitantly, an increase in interplanar distances (d) was 

observed at ca. 2θ = 19.7◦ (changing from 4.4 to 4.57 Å), indicating that spacing of the inter-

helix packing varies as a result of fish oil interacting with the polymer.   
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Figure 20: WAXD patterns for zein powder as received (a), and electrospun fibres (b-e) 

generated from the following formulations: (b) Z1, (c) Z3, (d) Z4 and (e) Z6. See Table 3 

for legends. 

Differences in the interplanar distances among zein formulations can be attributed to variations 

in the secondary and tertiary zein structure as a result of fish oil addition and solvents used 

during electrospinning as confirmed via ATR-FTIR analyses. The crystal structure and 

orientation of the biopolymer chain is strongly dependent on the inherent characteristics of the 

polymer (molecular weight, viscosity and glass transition temperature), the solvent medium used 

(evaporation rate and polymer–solvent interaction) and the process variables (voltage applied 

and distance from collector to spinneret) (Cozza, Ma, Monticelli, & Cebe, 2013; Lee, Givens, 

Snively, Chase, & Rabolt, 2008; Pant et al. 2011). 

4.8.   Conclusion 

This study investigated the effects of aqueous ethanol and isopropanol solvents, as well 

as ω-3 fatty acid rich fish oil, on the properties of zein solution and the resulting electrospun 

fibres. The morphological differences observed between electrospun fibres prepared from the 
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two solvents were explained on the basis of Hansen solubility parameters, dynamic surface 

tension, viscosity, solvent vapour pressure, and electrical conductivity.  Results indicate that zein 

had greater solubility in ethanol compared to isopropanol based solvents.  Further, it was 

observed that polymer concentration and type of solvent induces different fibre morphologies 

and has direct impact on the solubility behaviour as well as the inherent physicochemical 

properties.  ATR-FTIR spectroscopy was used to monitor the structural changes that result due to 

solvent selection and the secondary conformational structure obtained by the addition of fish oil 

in electrospun zein fibres.  In summary, the electrospun zein fibers are promising for the 

encapsulation of fish oil and other lipid for food and nutraceutical applications. The 

physicochemical properties reported in this study will be useful to increase the understanding of 

oxidative stability behaviour of the encapsulated lipid, in order to develop an optimal carrier 

system.   
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Chapter 5 Oxidative Stability of Encapsulated Fish Oil in Electrospun Zein Fibres 

Content published in Food Research International, 62, 523–532 

5.1.   Introduction  

Essential fatty acids facilitate absorption of fat soluble nutrients and provide energy by 

means of β-oxidation (Charman, Porter, Mithani, & Dressman, 1997; Kim & Battaile, 2002 and 

Wanders & Tager, 1998).  Besides serving as an essential nutrient, fats and oils also play 

important roles in facilitating processing of foods, as well as defining the organoleptic and 

textural properties of many food products (Kinsella, 1988 and Simopoulos, 1999). Recent 

increased consumption of eicosapentaenoic acid (EPA; 20:5) and docosahexaenoic acid (DHA; 

22:6) as dietary supplements and within fortified foods can be attributed to the elevated 

consumers’ awareness on the health benefits of these polyunsaturated fatty acids (PUFAs). 

Numerous studies have demonstrated that consumption of ω-3 fatty acids provides protective 

roles against cardiovascular and cerebrovascular diseases in human (Hu et al. 2002 and Leaf, 

Kang, Xiao, & Billman, 2003). In other diseases, such as rheumatoid arthritis, DHA and EPA 

consumption has been shown to diminish symptoms and lower the dosage of nonsteroidal anti-

inflammatory drugs (NSAIDs) (Calder, 2008).  

 Despite the health promoting benefits of ω-3 fatty acids, high degrees of unsaturated 

carbon-carbon double bonds in these PUFAs render them highly susceptible to oxidative 

degradation, resulting in the production of unstable intermediary compounds such as free 

radicals and hydroperoxides.  Further decomposition of these products results in the formation of 

the secondary oxidative compounds (e.g., aldehydes, ketones and alcohols) that not only results 

in loss in nutritional and negative sensory qualities, but also results in toxicity (Ladikos & 

Lougovois, 1990).  Thus, these fatty acids have to be protected and their stability needs to be 
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validated through quantification of primary and secondary products generated as a result of 

oxidation.  

 Encapsulation has been one of the strategies for protecting PUFAs against oxidative 

degradation and delivering them in food and supplements.  The most common approach of 

encapsulation has been by dispersing the lipid in a polymer solution (often with the aid of a 

surfactant) to form an oil-in-water emulsion, followed by the removal of the water phase by a 

spray drying process to produce dry powder. The process is often carried out in nitrogen, instead 

of air with low spray drying temperature to minimize oxidative degradation.  These steps add 

manufacturing cost to the process (Baik et al. 2004; Drusch et al. 2007).  Various materials have 

been used for the microencapsulation of PUFAs, including maltodextrin, glucose syrup, proteins, 

sugars, gums, pectin, hydropropyl/methylcellulose, and modified starch (Drusch, Serfert, & 

Schwarz, 2006; Jónsdóttir et al. 2005; Kolanowski et al. 2007).  Other methods such as spray 

chilling, extrusion, and coacervation have also been employed for encapsulation with mixed 

success (Benczedi & Bouquerand, 2001; Blagdon & Morgan, 1993; Lamprecht, Schäfer, & Lehr, 

2001). The above mentioned methods typically produce capsules of several microns to 

millimetres in size, which may be too large for certain applications. 

Over the past few years, electrostatic spinning and spraying methods have generated 

considerable interest for the encapsulation of bioactive compounds (Jaworek, 2008; Peltonen, 

Valo, Kolakovic, Laaksonen, & Hirvonen, 2010). This process uses electrostatic force to draw 

polymer solutions from a spinneret towards a grounded collector, by exposing the solution in an 

electric field of 1-2 kV/cm. As the polymer solution takes flight in the air, repulsion of charges 

causes the polymer to stretch into ultrafine fibres, beaded fibres, or beads depending on the 

properties of the polymer solution and electrospinning process parameters (Alborzi, Lim, & 
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Kakuda, 2013; Li, Lim, & Kakuda, 2009; Taylor, 1969; Vega-Lugo & Lim, 2012) .  Due to the 

simplicity of the process, its versatility for forming submicron polymeric fibres and beads, and 

the absence of heat, electrospinning is ideal for the encapsulation of bioactive compounds for 

food and nutraceutical applications. Fernandez et al. (2009) encapsulated β-carotene, a 

provitamin A and antioxidant, in ultrafine zein fibres via electrospinning.  Confocal Raman 

imaging spectroscopy showed that the encapsulated β-carotene was stable and well dispersed 

inside the zein fibres.  The electrospun β-carotene had significantly higher light stability than the 

encapsulated control (Fernandez et al. 2009). Li et al. (2009) encapsulated (-)-epigallocatechin 

gallate (EGCG) in electrospun zein fibre to stabilize the polyphenol during simulated food 

processing conditions. The authors report that successful immobilization of EGCG occurred 

when the fibres were aged for at least 24 hours under dry conditions at ambient temperature. 

Torres-Giner et al. (2010) encapsulated docosahexaenoic acid in zein capsules using an 

electrospraying process. They reported that the encapsulated fatty acid showed 2.5-fold reduction 

in degradation rate and longer induction time of oxidation as compared to the nonencapsulated 

control. The fatty acid was more protected from oxidation when the capsules were exposed to 

elevated humidity than under dry conditions. These studies showed that electrostatic 

encapsulation processes are very versatile for preparing a zein encapsulant polymer to protect 

bioactive compounds. 

In view of its susceptibility to oxidative degradation and undesirable fishy odour, fish oil 

needs to be protected with a polymeric carrier for food fortification and enrichment purposes. 

The objectives of this study are: (1) to study the distribution of fish oil within electrospun zein 

fibres; (2) to determine fish oil encapsulation efficiency of the electrospun zein carrier; (3) to 

elucidate the oxidative stability of the fish oil encapsulated in electrospun zein fibres by a 
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modified ferrous oxidation-xylenol orange (FOX) method; and finally (4) to study the oxidative 

degradation of the encapsulated fish oil using attenuated total reflectance-Fourier transform 

infrared (FTIR) spectroscopy. 

5.2. Materials  

 Zein prolamine from corn (grade Z3625), xylenol orange sodium salt, hydrogen peroxide, 

anhydrous isopropanol, and hexane (HPLC grade) were purchased from Sigma-Aldrich (St. 

Louis, MO, USA) and were used as received, without further purification.  Fish oil was kindly 

donated by Ocean Nutrition Canada Ltd. (Dartmouth, NS, Canada).  Anhydrous ethanol was 

supplied by Commercial Alcohols (Brampton, ON, Canada). Barium chloride dihydrate, ferric 

chloride, and ferrous sulphate heptahydrate were procured from Fisher Scientific Company 

(Ottawa, ON, Canada). 

5.3.   Preparation of zein polymer solution for Electrospinning 

Polymer solutions were prepared by dissolving 20% (w/w, zein weight ⁄ (zein weight + 

weight of solvent)) zein powder in 70% (w/w, weight of solvent / (weight of solvent + weight of 

water)) aqueous ethanol or isopropanol solutions with the aid of a magnetic stirrer. Subsequently, 

15 or 30% (w/w, weight of oil/ weight of zein powder) of fish oil was added to the polymer 

solutions and stirred for 15 min in the dark at 21 ± 2 
o
C (Table 4). 
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Table 4:  The composition of the experimental tests. 

Treatment Code Solvent Type Fish Oil Loading 

Z1 Ethanol 0% 

Z2 Ethanol 15% 

Z3 Ethanol 30% 

Z4 Isopropanol 0% 

Z5 Isopropanol 15% 

Z6 Isopropanol 30% 

 

5.4.   Electrospinning process 

 The polymer solutions were electrospun in an environmental test chamber (Model MLR-

350; SANYO Electric Co., Ltd., Ora-Gun, GU, Japan), maintained at 21 ± 2 
o
C as described in 

Section 4.3.6. 

5.5.   Morphological Characterization of Encapsulated Fish Oil in Zein Fibres 

A scanning electron microscope (Model S-570; Hitachi High Technologies Corp., Tokyo, 

Japan), operating at an accelerating voltage of 10 kV, was used to examine the morphology of 

the electrospun fibres.  Fibre specimens were coated with gold/palladium (60:40) at a rate of 7 

nm/min via a sputter coater (Model K550; Emitech, Ashford, Kent, England). Image analysis 

software (Pro-Plus 5.1; Media Cybernetics Inc., Rockville, MD, USA) was used to determine the 

thickness distribution of electrospun fibres by measuring them at 100 different points for each 

image.  To evaluate the distribution of the encapsulated fish oil within the fibres, the electrospun 

membrane was treated with osmium tetroxide (OsO4) vapours for 12 hours to stain the lipid, 

followed by transmission electron microscope (TEM) (Model CM10; Philips, Eindhoven, 

Netherlands) analysis at an acceleration voltage of 80 kV. Further microstructural analysis was 
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done using a fluorescence microscope (BX60, Olympus America Inc., NY, USA) equipped with 

a 535-550 nm band pass exciter filter, 565-nm dichromatic beam splitter, and 610-675 nm long 

pass barrier filter to evaluate the distribution of the lipid within the zein fibres. Stock solutions of 

Nile red (10  g/ml) in the respective aqueous solvents were prepared prior to the addition of zein 

and fish oil at concentrations as described in the Section 5.3. Image acquisition was made by 

Image-Pro Plus 6.0 software (Media Cybernetics Inc., Rockville, MD, USA). 

5.6.   Loading capacity and encapsulation efficiency 

 Loading capacity (LC) and encapsulation efficiency (EE) were determined by measuring 

the non-entrapped fish oil according to Calvo et al. (1997), Xu & Du (2003), and Yixiang Xu & 

Hanna (2006) with some modifications. The amount of encapsulated fish oil was determined by 

submerging the electrospun fibres in hexane for 30 s to remove the surface oil. The absorbance 

of the liquid was then determined using a BioChrom Ultrospec 3100 Pro spectrophotometer 

(BioChrom, Ltd., Cambridge, United Kingdom) at 285 nm. The amount of oil present in the 

hexane was determined from a calibration curve (R
2 

= 0.99), prepared by spiking hexane with 

various quantities of fish oil and with an equivalent of electrospun zein fibres to account for any 

matrix effects. The percentage LC and EE values were calculated as: 

                                                                 (   )                                              (1) 

                                                                 (   )                                              (2) 

where A was the total theoretical amount of fish oil, B was the free amount of fish oil in 

collection solution, and C was the weight of the fibres. 
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5.7.   Stability of fish oil 

 Nonencapsulated and encapsulated fish oils were subjected to oxidative treatments at 4, 

25 and 60 
o
C, in the absence of light for 14 days. Lipid hydroperoxide concentration was 

determined via modified FOX method, while the secondary oxidative products were determined 

by monitoring the p-anisidine value, following AOCS Cd 18-90 (AOCS, 2009). To quantify the 

primary and secondary oxidative products, approximately 1 g of fish oil-containing electrospun 

fibres were placed in a 50 mL screw capped vial and mixed with 5.0 mL hexane containing 0.01 

% (w/w) of butylated hydroxytoluene (BHT) to prevent further degradation. An aliquot of 1.0 

mL of 70% (w/w) aqueous ethanol was then added and agitated in a vortex mixer for 1 minute. 

The resulting solution was centrifuged for 5 minutes at 3000 g and the supernatant was 

transferred into a clean vial for further analyses as described below. Control samples were 

prepared similarly, except that nonencapsulated fish oil was dissolved into the same hexane 

solvent. 

5.7.1. Measurement of lipid hydroperoxides 

Peroxide value of bulk fish oil and extracted fish oil from zein fibres was determined by 

adapting a modified FOX method (Nourooz-zadeh, Tajaddini-sarmadi, Birlouez-hagon, & Wolff, 

1995). The modified FOX reagent was prepared by dissolving 1:10 ratio of 36 mM iron (II) 

chloride solution in125 µM of xylenol orange in methanol, containing 4 mM BHT.  The iron (II) 

solution was prepared by dissolving 0.4 g of barium chloride in 50 mL of distilled water.  

Subsequently, this solution was added to the iron (II) sulphate solution consisting of 0.5 g FeSO4 

.
7H2O dissolved in 50 mL of distilled water gradually under constant stirring.  To this, 2 mL of 

12 N HCl was added to the solution where barium sulphate precipitate was filtered off twice.  

The resulting clear iron (II) solution was kept in the dark in a brown bottle at 4 ± 1
o
C until use.  



77 
 

The working reagent which has an extinction coefficient for hydroperoxide of approximately 

4.56 x 10
4 

M
-1

 cm
-1

 was calibrated against solutions of H2O2 of known concentration (Jiang et al. 

1992).   

To determine the lipid peroxide values, 90 µL of test sample was added to 10 µL of 

methanol, followed by mixing with the modified FOX reagent (900 µL) in a 2 mL micro-

centrifuge tube.   The assay mixture was incubated at room temperature (21 ± 2 
o
C) for 30 

minutes and centrifuged at 10000 g for 5 minutes to separate any potential fibrous debris.  The 

supernatant was decanted and absorbance was read at 560 nm by a UV-visible 

spectrophotometer (model UV-1700 model; Shimadzu Corp., Kyoto, Japan). 

5.7.2. Fatty acid composition and polyene index 

 Fatty acid methyl esters were quantified on an Agilent 7890A gas chromatograph 

equipped with flame ionization detection and separated on an DB-FFAP fused-silica capillary 

column (15 m, 0.1 µm film thickness, 0.1 mm i.d.; Agilent Cat# 127-32H2). Samples were 

injected in 200:1 split mode. The injector and detector ports were set at 250°C. Fatty acid methyl 

esters were eluted using a temperature program set initially at 150°C and held for 0. 25 min, 

increased at 35°C /min and held at 170°C for 3 min, increased at 9°C /min to 225°C, and finally 

increased 8°C/min to 245°C and held for 2.2 min. The run time per sample is 12 min. The carrier 

gas was hydrogen, set to a 30 ml/min constant flow rate. Peaks were identified by retention times 

of fatty acid methyl ester standards (Nu-Chek-Prep, Elysian, MN, USA) using EZchrom Elite 

version 3.2.1 software. Fatty acid concentrations were calculated as percent area. 

 The extent of oxidation was evaluated by determining the polyene index (Bustos, Romo, 

Yá ez, D  az, & Romo, 2003) according to the expression: 

                                                                   
               

     
                                         (3) 
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where  C20 : 5 is the eicosapentaenoic acid content, C22 : 6  is the docosahexaenoic acid content 

and C16 : 0  is the palmitic acid content. 

5.7.3. Attenuated total reflectance-Fourier transform infrared spectroscopy 

 Infrared spectra of electrospun fibre samples were collected by using a FTIR 

spectrometer (model IRPrestige-21; Shimadzu Corp., Kyoto, Japan) equipped with an attenuated 

total reflectance accessory (Pike Technologies, Madison, WI, USA), Samples were scanned from 

600 to 4000 cm
-1

 at a 2 cm
−1

 resolution. An average of 50 scans was taken for each spectrum. 

5.7.4. Mathematical modelling of the fish oil oxidation kinetic 

Lipid oxidation involves three principal steps, namely initiation, propagation, and 

termination (Davidovich, Souli, & Lupin, 1980; Devasagayam, Boloor, & Ramasarma, 2003; 

Gray, 1978; Hamilton, Kalu, Prisk, Padleyb, & Pierceb, 1997 and Moore & Roberts, 1998).  A 

logistic equation has been proposed by Oziligen & Oziligen (1990) as a mathematical model to 

lipid oxidation based on a free radical chain reaction mechanism:                 

                   ⁄    (  
 

    
)                                                    (4) 

where, C is the concentration of total oxidation products, Cmax is the maximum attainable 

concentration of total oxidation product at the end of lipid peroxidation process, k is the reaction 

rate constant , and t is time.  In the event where C << Cmax, the term 1 - C/Cmax approaches to 1 

and therefore Eq. (4) can be simplified as dC/dt = kC, which is a first-order rate equation.  

During the termination phase of the reaction, C=Cmax, and therefore the term 1 - C/Cmax 

approaches to zero. Integration and linearizing of Eq. (4) results in the following equation (Weiss 

& Ollis, 1980 and Klimek & Ollis, 1980):  
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)       (

    

 
  )                                     (5) 

where X= C/Cmax .  Eq. (5) is a straight line with t and ln(X/(1-X)) being the independent and 

dependent variables, respectively, and k is the slope.  This equation was used to model the 

production of lipid hydroperoxide formation in fish oil encapsulated zein fibres.   

The change in absorbance intensity of C-H stretching of cis-alkene at 3012 cm
-1 

tends to 

diminish as a result of oxidation.  The residual percentage (absorbance at a specific time over 

absorbance value at t = 0) was calculated from a normalized FTIR spectrum of fish oil 

undergoing the oxidation process and modelled by the following equation, Adachi et al. (1995):     

           ⁄     (   )                                       (6)                                                                                 

where Y is the un-oxidized fraction of fish oil.  Integrating Eq. (6) gives the following:   

                  (
   

 
)        (

    

  
)                                            (7)         

where k is the apparent reaction rate constant and Yo is the initial value of Y at t = 0. The slope of 

the linear plot of ln ((1−Y)/Y) versus t provides an estimate of the rate constant and the intercept 

allows the calculation of the Yo value.  

The temperature dependence of the degradation rate constant was modelled by the 

Arrhenius equation: 

                                                              
  

  
                                   (8) 

where Ea is the activation energy (J/mol), R is the universal gas constant (8.314 J/mol.K), T is 

temperature (K), and ko is a frequency or pre-exponential factor. Ea and ko were determined, 

respectively, from the slope and intercept of the ln k versus 1/T plot.  
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5.8.   Statistical analysis 

All determinations were carried out in triplicate and results were expressed as the mean 

values ± standard deviations.  Significant differences among treatment samples were evaluated 

with analysis of variance (two-way ANOVA with Tukey’s post hoc test), using the statistical 

software SPSS 17 for Windows (SPSS Inc., Chicago, IL, USA).  The probability of test statistic 

(p) was set at 0.05  

5.9.   Results and discussion 

5.9.1. Microstructural Characterization 

 Morphologies of the electrospun zein fibres produced from ethanol and isopropanol are 

summarised in Fig. 21. As shown, ethanol-based zein solution produced smooth and thicker 

fibres. In contrast, isopropanol-based solutions resulted in beaded and thinner fibres. 

Furthermore, the addition of fish promoted the formation of smoother and thicker fibres in both 

polymer solutions.  The distribution of fish oil within the fibres, which is important in 

determining the stability of the lipid, was evaluated by TEM. As shown by the micrograph (Fig. 

21b and h), samples without the fish oil (Z1 and Z4 samples) were not substantially stained by 

OsO4.  The observed darker regions at the beaded regions for the Z4 sample (Fig. 21h) were 

related to folded zein skins as the beads collapsed (Fig. 21h). In contrast, zein fibres containing 

30% fish oil (Z3 and Z6) displayed a darker core as a result of the stained lipid phase (Figs. 21e 

and k, respectively). Homogeneous distribution was observed with Z3. However, pockets of oil 

were observed for Z6, indicating that oil distribution was not uniform and tended to concentrate 

most in the beaded regions of the fibrous materials.  The TEM results are consistent with the 

fluorescence microscopy data, showing that the fluorescence intensity increased with the 

addition of fish oil in Z1 and Z4.  Moreover, the fluorescence micrographs further revealed the 
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distribution of fish oil along the entire lengths of the ethanol-based fibres (Fig. 21f), but in 

isopropanol-based fibres, the lipid phase was mostly concentrated in beaded areas (Fig. 21l).   

 The migration of fish oil towards the core of the ethanol-based electrospun fibres is 

believed to be the result of phase separation that occurred during the electrospinning process.  

Since the boiling points of ethanol and isopropanol are lower than water, the preferential 

evaporation of the alcohols from the polymer jet during electrospinning will decrease the quality 

of the solvent near the jet surface, causing the lipid to migrate towards the core.  This phase 

separation could further promote the interaction between the protein and lipid molecules 

(Mizutani et al. 2003). 

5.9.2. Loading capacity (LC) and encapsulation efficiency (EE) 

  LC measures the amount of fish oil per unit mass of zein material, while EE determines 

the efficiency of the capsule in retaining the fish oil.  These indices are important in determining 

if the encapsulation method is feasible for a given delivery application.  Oxidative stability of 

fish oil is highly influenced by the amount of lipid encapsulated within the fibres and the free 

surface oil that is highly prone to oxidation.  At 15% theoretical loading concentration, the fish 

oil LC values of the electrospun zein fibres for Z2 and Z5 solutions were 14.42 ± 0.04 and 14.6 ± 

0% , respectively, which were not statistically different (p > 0.05) (Fig. 22).  Similarly, the EE 

values for Z2 and Z5 were 96.15 ± 0.23 and 96.4 ± 0.02 %, respectively, which were not 

statistically different (p > 0.05). On the other hand, at 30% fish oil loading, both LC and EE 

values were significantly higher for fibres produced from Z6 than those from Z3 solutions (27.36 

± 0.33 versus 28.76 ± 0.07 %; 95.88 ± 0.23 versus 91.19 ± 1.09%) (Fig. 22). These results can be 

attributed to the higher solubility of fish oil in isopropanol solvent than in ethanol, promoting a 

greater dispersion of the lipid in the isopropanol solution, as observed in TEM images (Fig. 21).  
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Figure 21:  Morphological characterization via SEM, TEM and fluorescence microscopy of 

20% (w/w) zein and 70 % (w/w) aqueous ethanol based fibres (a-c);  with 30% fish oil 

loading (d-f); and 20% (w/w) zein and 70 % (w/w) aqueous isopropanol based fibres (g-i);  

with 30% fish oil loading (j-l). 
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Figure 22:  Loading capacity (a) and encapsulation efficiency (b) of fish oil at 15% (Z2 and 

Z5) and 30% (Z3 and Z6) in ethanol and isopropanol based electrospun zein fibres, 

respectively. 

 In general, the fish oil EE of the electrospun zein fibres compared favourably with other 

methods reported in the literature.  For instance, Parris, Cooke, & Hicks (2005) encapsulated 10-

20% fish oils in zein nanoparticles by dissolving them in 80% aqueous ethanolic zein solution, 

followed by rapid dispersion in water containing 0.01% silicone fluid.  The resulting opaque 

solution was lyophilized overnight and the dry powder yielded a 65 to 75% EE. Liao et al. 

(2012) reported that succinic acid deamidated wheat gluten (SDWG) microspheres, prepared by 

double-emulsification method followed by heat-polymerization of the emulsified SDWG, 

provided  a maximal 81.8% EE for the fish oil, at 3:3 (w/w) fish oil:SDWG ratio.  These 

comparisons show that the electrospun zein fibres can be used as an effective encapsulant for 

fish oil. 
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5.9.3. Oxidative Stability 

Hydroperoxides were selected as an indicator of early phase lipid oxidation. The primary 

oxidation products are unstable and tend to break down into radical species that contribute to the 

formation of secondary products. To monitor the later phase of lipid oxidation, p-anisidine value 

(p-A.V.) was determined, which reflects the extent of formation of secondary oxidative products, 

which are mainly aldehydes (e.g., 2-alkenals and 2,4 dienals) (Esterbauer, Jorg Schaur, & 

Zollner, 1991).  Fig. 23 summarises the changes in hydroperoxide concentration and p-A.V. for 

nonencapsulated and encapsulated fish oil. As shown in Fig. 23a, at 4 
o
C, the concentration of 

hydroperoxide in the nonencapsulated fish oil remained low for up to four days, but became 

significantly higher (p < 0.05) than the encapsulated counterparts (Z3 and Z6) throughout the 

remaining duration of the study (Table 5).  On the other hand, the p-A.V. profiles of the 

corresponding samples (Fig. 23b) were not significantly different (p > 0.05) from each other. 

This result highlights that fewer secondary oxidative products are generated at lower temperature 

during the 14-day experiment, even if the fish oil was not encapsulated.  

At 25 
o
C, the onset of hydroperoxide formation in the nonencapsulated fish oil occurred 

earlier and the concentration was greater than at 4 
o
C, exceeding 900  mol/L by the end of the 

study period (Fig. 23c).  By contrast, in the encapsulated fish oil (both Z3 and Z6), the 

hydroperoxide concentrations remained low throughout the entire test period.  Fig. 23d shows a 

significantly (p < 0.05) higher quantity of p-anisidine formation for the nonencapsulated fish oil, 

indicating that the fish oil had started to degrade into secondary products.  In comparison, the 

encapsulated fish oil (Z3 and Z6) exhibited considerably lower p-A.V. than the unprotected 

counterpart.  As anticipated, at 60 °C, a sharp increase in hydroperoxide formation in 

nonencapsulated fish oil is noticed, reaching approximately 830  mol/L within four days of the 
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thermal exposure, followed by a decrease. This increase in hydroperoxide formation can be 

attributed to the breakdown of unsaturated double bonds which eventually have led to its 

depletion, as shown by the decreasing hydroperoxide concentration as the oxidation progressed 

(Pratt, Tallman, & Porter, 2011).  In contrast, the encapsulated fish oil exhibited slower rates of 

peroxide formation, reaching 400  mol/L by the end of the study (Fig. 23e).  The p-A.V. was the 

highest at 60 
o
C, among the three temperature conditions tested. Here, the p-A.V. increased 

exponentially for the nonencapsulated fish oil until the eighth day, followed by a decrease trend, 

which can be attributed to the depletion of total hydroperoxide precursors (Fig. 23f). These 

results suggest that temperature is an important factor in determining the stability of fish oil and 

that the stability of the fish oil was enhanced when it is encapsulated in the electrospun zein 

fibres.  

To determine the rate constant of hydroperoxide formation reaction, Eq. 5 was fitted to 

the peroxide values data. From linear regression analysis of ln(X/ (l - X)) versus t plot, the 

coefficient of determination values ranged between 0.94 and 0.99, indicating the goodness of fit 

of the model to the data.  The predicted k values obtained from the slope of the best fitting lines 

are summarised in Table 5. As expected, k values increased with increasing temperature.  

Moreover, the k values for the nonencapsulated fish oil were significantly (p < 0.05) higher than 

those for the zein fibre-encapsulated counterparts (Z3 and Z6), under all three temperature 

conditions investigated.  At lower temperature (4
o
C), the k value for the isopropanol-based zein 

fibres was statistically lower than that of the ethanol fibres (p<0.05).  However, at elevated 

temperatures (25 and 60
o
C), the k values were comparable in magnitude (Table 5). This 

observation suggests that the greater protective effect of isopropanol than ethanol, especially at 

lower temperature, could be related to hydrogen bonding interactions (lipid-protein and/or 
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protein-protein), which tend to become weakened as temperature increased. The different 

distributions of the lipid in zein may have also contributed to the different protective efficacy. 

When ethanol was used as a solvent, the lipid tended to distribute along the fibre, while in the 

isopropanol-based fibres, the lipid tended to reside in the beads. The larger beaded structures 

present in the isopropanol-based fibres may have offered a greater protection than the smaller 

ethanol fibres due to the smaller surface-to-volume ratio in the former.   

 

Figure 23:  Development of lipid oxidation products in unprotected and encapsulated (Z3 

and Z6) fish oil, stored at 4, 25 and 60 °C for a period of 14 days. 
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Table 5:  Numerical values of the model parameters used for determination of rate 

constant (k) and Arrhenius parameters for unprotected and encapsulated fish oil in 

electrospun zein fibres based on modified Fox results. 

Treat-

ment 

Code 

4 °C 25 °C 60 °C Ea 

(kJ/mol) 

R
2
 

k (/day) R
2
 k (/day) R

2
 k (/day) R

2
 

Fish Oil 0.471±0.02
a
 0.99 0.561±0.03

a
 0.98 1.03±0.03

a
 0.96 10.95±0.26 0.95 

Z3 0.174±0.01
b
 0.94 0.296±0.01

b
 0.99 0.417±0.01

b
 0.95 11.76±0.48 0.95 

Z6 0.154±0.01
c
 0.96 0.288±0.02

c
 0.99 0.395±0.01

c
 0.97 12.56±0.34 0.92 

Data are reported as mean ± standard deviation.  Different letters indicate significantly different 

values within each temperature treatments.  ANOVA with Tukey’s post hoc test. (p<0.05).  

 

To evaluate the effect of temperature on the oxidative degradation process of the fish oil, 

Ea for the hydroperoxide formation for each treatment was determined. The Ea is a measure of 

the reaction barrier energy and is indicative of the ability of zein fibres to stabilize the fish oil. 

The Ea of the hydroperoxide formation reaction was approximately 10.95 kJ/mol for the 

nonencapsulated fish oil, 11.76 kJ/mol for Z3, and 12.56 kJ/mol for Z6, indicating that the 

encapsulation process rendered further oxidative stability of the fish oil. The improved stability 

of the lipid can be attributed to its physical entrapment within the zein matrix. The glass 

transition temperature of electrospun zein fibres varied between 150 and 160°C, depending on 

the fibre diameter and solvent used (Torres-Giner, Gimenez, & Lagaron, 2008).  Accordingly, 

under ambient conditions, the fibres in a glassy state can potentially contribute to the reduction 

of oxidative reaction rates by restricting the molecular mobility of the lipid molecules, as well as 

reducing the permeation of oxygen into the fibre. In addition, molecular interactions between the 

lipid and protein might have also contributed to the observed increased stability for the 

encapsulated lipid. Our previous FTIR analysis showed that the amide I band shifted to lower 

frequencies, suggesting an increase in C=O hydrogen bonding (as reported in Section 4.7.4). 

Further deconvolution of the amide I band also indicated that the conformational changes in the 
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secondary structure of electrospun zein fibre were due to the presence of fish oil, which 

promoted the formation of α-helix secondary structure. The additions of fish oil induced an 

increase of 5% in the α-helix contents, for both ethanol and isopropanol based fibres. 

Furthermore, the intermolecular β-sheet contents increased with fish oil loading for both fibres. 

These results indicate that the structural conformation of electrospun zein fibres varied as a result 

of solvent type and fish oil loading, which might have contributed to the observed changes in 

morphologies of the electrospun fibres as well as the protective role that these fibres exhibited.    

Zein prolamine is yellow in colour due to the presence of carotenoids (e.g., -carotene, 

zeaxanthin, and lutein). These carotenoids are believed to trap within the superhelical cores that 

are nonpolar (Anderson & Lamsal, 2011; Momany et al. 2006).  The presence of this natural 

antioxidants in yellow zein, as well as the propensity of the fish oil to interact with the nonpolar 

core of the superhelical zein polymer, may explain why the onset of fish oil degradation was 

longer in Z3 and Z6 as compared with the nonencapsulated control (Chiue, Iwami, Kusano, & 

Ibuki, 1994; Wang, Fujimoto, Miyazawa, & Yasushi, 1991).  Another alternative explanation for 

the antioxidative effect of the fibre could be attributed to the β- and γ-type subunits of zein, 

which reportedly possess antioxidant activity towards docosahexaenoic acid ethyl ester due to 

the abundant sulphur amino acids that trap free-radicals (Matsumura et al. 1994). 

The present electrospinning method provides a number of inherent advantages compared 

to other encapsulation techniques. For example, in a study by Kolanowski et al. (2005), fish oil 

was encapsulated in a modified cellulose by emulsifying the oil in the polymer solution, 

followed by spray drying. While the researchers reported an increase in fish oil stability after 

encapsulation, the particles are heterogeneous in morphology, with size ranging from 8 to 25 m, 

which are relatively large as compared to typical particles formed from electrostatic 
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encapsulation processes.  In another study, Maillard reaction products were used to encapsulate 

fish oil by pre-heating a protein source (sodium caseinate, whey protein isolate, soy protein 

isolate or skimmed milk powder) and carbohydrates (glucose, dried glucose syrup or 

oligosaccharides), followed by the incorporation of fish oil and then spray dried to form powders 

(Augustin, Sanguansri, & Bode, 2006).  The researchers reported that increasing the extent of 

heat treatment (60 to 100 
o
C for 30 to 90 min) of sodium caseinate-glucose-glucose syrup 

mixtures increased Maillard browning, reduced the oxidation of fish oil, but did not improve the 

encapsulation efficiency. Although this approach is promising, morphology of the spray dried 

microcapsules was not characterized. Moreover, many byproducts from the Maillard reaction are 

flavoured, and thus the approach may impact the organoleptic properties of the capsules. Karthik 

& Anandharamakrishnan (2012) used a spray freeze drying (SFD) technique to encapsulate algal 

oil to avoid the elevated temperature condition. The process involved atomizing an oil emulsion 

(prepared by dispersing the algal oil in water using different emulsifiers) into liquid nitrogen, 

followed by freeze-drying. Although the SFD technique provided improved lipid stability as 

compared with spray and freeze drying processes, scale up is expected to be challenging due to 

the use of liquid nitrogen and freeze drying, both of which are costly. 

5.9.4. Fatty acid composition and polyene index 

 The main fatty acid composition of fish oil is shown in Table 6. The percentage of total 

polyunsaturated fatty acids was the highest at the initial day of analysis. The most significant 

proportions of fatty acids were respectively of C20:5 and C22:6, found in the polyunsaturated 

fatty acids class, C18:1(ω-9) in the monounsaturated fatty acids class and C16:0 in the saturated 

fatty acids class. From a practical perspective, the ratio of ω-3/ ω-6 is often considered as a good 

index to evaluate the nutritional quality of oil.  On the whole, the ω-3/ ω-6 ratio was found to be 
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much higher in the beginning of the oxidative study and diminished considerably by the end of 

the 14 days of oxidative stress at 60 
ο
C. EPA and DHA, which represented the major part of 

unsaturated fatty acids, were the most susceptible to oxidation. Throughout the storage period, 

the amount of these fatty acids decreased at the expense of palmitic acid (C16:0). When 

comparing the composition of fish oil from the beginning to the end of the study, the saturated 

fatty acid content increased by a factor of 1.5, while the ω-3 PUFA content decreased by a factor 

of 5. The polyene index value for fish oil had decreased sharply by the end of the 14 days of 

storage, a further indication of the extent of oxidative degradation.  

Table 6: Identity, variation in the proportions of fatty acids in the fish oil and polyene 

index as a result of oxidation at 60 
ο
C.  Composition is expressed as percentage of the total 

fatty acids of the fish oil. 

Fatty acids Day 0 Day 7 Day 14 

14:0 9.16 10.10 13.15 

15:0 0.71 0.86 1.09 

16:0 20.83 26.97 32.2 

16:1 ω-9 11.09 12.03 15.03 

17:0 1.81 1.97 0.88 

18:0 4.47 5.06 6.47 

18:1 ω-9 10.41 11.20 13.82 

18:1 ω-11 3.89 5.05 5.19 

18:2 ω-6 1.52 1.51 1.16 

18:3 ω-3 0.83 0.65 0.55 

18:4 ω-3 2.97 2.05 0.99 

20:0 0.48 0.00 0.51 

20:1 ω-11 1.09 1.15 1.28 

20:4 ω-6 1.61 1.30 0.47 

20:5 ω-3 16.43 7.63 3.36 

22:5 ω-3 2.36 5.74 1.13 

22:6 ω-3 10.35 6.74 0.58 

24:0 0.00 0.00 1.84 

24: 1 ω-9 0.00 0.00 0.3 

    

Total  SFA 37.46 44.96 56.14 

Total MUFA 26.48 29.43 35.62 

Total  ω-3 PUFA 32.93 22.80 6.61 

Total  ω-6 PUFA 3.13 2.81 1.63 
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ω-3/ ω-6 10.51 8.12 4.06 

Polyene index 1.29 0.53 0.12 

 

5.9.5. Spectral changes of nonencapsulated fish oil during oxidative stress at 60
o
C 

 Figure 24a summarises the changes of infrared spectra of the nonencapsulated fish oil 

during oxidative stress at 60
o
C. The region around 3012 cm

-1 
is related to the C-H stretching of 

cis-alkene -HC=CH- of the PUFA, which diminished as the oxidation progressed (Fig. 24b). As 

shown the band shifted from around 3012 to 3009 cm
-1

, due to the disappearance of cis-alkene 

double bonds of the different acyl groups as a result of the oxidative reaction.  This observation 

is consistent with findings from other researchers, who reported that the cis-alkene double bond 

shifts towards higher wavenumber as the number of double bonds increases (Guillén & Cabo, 

1999; Safar, Bertrand, Roberta, Devaux, & Genot, 1994). 

 Other bands appear at ca. 2955,
 
2920, and 2850 cm

-1 
wavenumbers were related to 

various C-H vibrations due to asymmetric stretching from methyl -CH3, asymmetric stretching 

from methylene -CH2, and symmetric stretching from methylene -CH2- groups, respectively 

(Guillén & Cabo 1997).  The band around 1744 cm
-1

 was assigned to the C=O stretching of the 

triglycerides, which became more broad as the oxidation of the fish oil progressed (Fig. 24c).  

This phenomenon is attributed to the production of aldehydes and potentially other secondary 

oxidative products that cause an absorbance at ca. 1728 cm
-1

 and 1780 cm
-1

 which have 

overlapped with the stretching vibration at ca. 1744 cm
-1

 (Dubois et al. 1996 and Weerd, Loon, 

& Boon, 2005).   

  Figure 24d summarises the changes that occurred in the 1500 to 600 cm
-1

 region as the 

fish oil underwent oxidation.  Bands at ca. 1464 and 1377 cm
-1

 are assigned to bending 

vibrations of -CH2- and -CH3 aliphatic groups which exhibited an increase in intensity as a result 



92 
 

of the oxidative stress.  Similarly, the appearance of a band at ca. 1417 cm
-1

 which is assigned to 

rocking vibrations of (C-H) bonds of cis disubstituted alkenes was present. Bands at ca. 1238 and 

1163 cm
-1

 have been attributed to the proportion of saturated acyl groups in the sample (Guillén 

& Cabo 1997). The frequencies of both bands shifted towards higher wavenumber during the 

oxidation process, which is indicative of the formation of smaller saturated acyl molecules as a 

result of fatty acid degradation.  An increase in absorbance has been noted in the region of ca. 

1099 and 966 cm
-1

 as the oxidation proceeds.  Finally, the band at ca. 723 cm
-1

 has been 

associated with the overlapping of the methylene rocking vibration and the out-of-plane bending 

vibration of cis-disubstituted olefins as reported by Silverstein, Bassler & Morrill (1974) as well 

as Günzler & Böck (2002).   

 

Figure 24: ATR-FTIR spectra of fish oil, undergoing oxidation for 14 days at 60 
o
C.  Figure 

22 (a) represents the overall spectral changes that occur as a result of oxidative stress; (b) 

the loss of C-H stretching of cis-alkene (-HC=CH -) band; (c) the spectra variations in the 
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C=O carbonyl chemistry of the fish oil and carbonyl production; (d) the changes occurring 

in the fingerprint region of fish oil as a result of the oxidation process. 

 

5.9.6. Monitoring of C-H stretching of cis-alkene of the nonencapsulated and 

encapsulated fish oil 

 Figure 24 summarises the changes of the residual percentage of the C-H stretching of cis-

alkene of the unprotected and encapsulated fish oil as a function of time under different 

temperature conditions.  Compared with the unprotected fish oil, the residual percentage values 

of C-H stretching for the zein-encapsulated fish oil were greater and the induction periods were 

longer under all thermal conditions tested (Fig. 25 a-c). There were no significant differences (p 

> 0.05) in the residual percentage of C-H stretching between fibres produced using ethanol or 

isopropanol.  Figure 25d shows the plot of ln k of the residual % of the C-H stretching of cis-

alkene over 1/T for the temperature dependence of unprotected and encapsulated fish oil from 

the experimental data presented in Figs. 25 a-c. The estimated Ea was 7.72 kJ/mol for 

unprotected fish oil. On the other hand, Ea values for the fish oil encapsulated in ethanol and 

isopropanol based fibres, were for 9.81 and 10.56 kJ/mol, respectively, indicating that the 

encapsulation process provided the oil with further oxidative stabilization. The Ea values 

obtained by analyzing the residual percentage of C-H stretching band followed a similar trend as 

those calculated from the peroxide values (Table 5), indicating that the FTIR technique can be 

effectively applied for studying the oxidative degradation of fish oil. 
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Figure 25:  The effect of temperature on the residual percentage of band absorbance at 

3012 cm-1 (a-c) and the resulting Arrhenius plots of rate constant of C-H stretching of cis-

alkene (-HC=CH -) band loss (d). 

5.10.   Conclusion 

Numerous studies have highlighted the beneficial effects of consuming ω-3 fatty acids, 

despite their prominent sensitivity to oxidative degradation.  This study demonstrated that fish oil 

can be encapsulated in electrospun zein fibres to ensure the stability of the lipid.  Fluorescent and 

transmission electron microscopy analyses confirmed that the fish oil is homogeneously 

distributed throughout the fibrous materials in ethanol based fibres and tend to concentrate more 

in the beaded regions of isopropanol based fibres.  Both solvent based zein fibres have high 

encapsulation efficiency and loading capacity, making this protein a promising delivery system 

for value added enriched or fortified food products. Despite some limitations in the production 

rate, electrospinning is ultimately an effective tool for encapsulation of fish oil as the cost and 

ease of operation is highly attractive.  Future advancements in electrospinning setups such as the 
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one presented in this study will certainly accelerate the production of carrier fibres and make it a 

viable tool at industrial level.  
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Chapter 6 Properties of Encapsulated Fish Oil in Electrospun Zein Fibres under simulated 

In-vitro Conditions 

Content submitted for publication in Food and Bioprocess Technology 

 

6.1.   Introduction 

 Over the past decade, there is a growing interest in the utilization of fish oil and other ω-3 

oils for food and pharmaceutical applications.  This trend can be attributed to the positive health 

benefits of these lipids, including the prevention of: cardiovascular and cerebrovascular diseases 

(Hu et al. 2002; Leaf, Kang, Xiao, & Billman, 2003), proinflammatory conditions such as 

rheumatoid arthritis and immune disorders (Calder, 2008; Simopoulos, 2002), as well as the 

development of colon, breast, prostate and other cancers (Geelen et al. 2007; Larsson et al. 2004; 

Roynette et al. 2004).  Other studies have also demonstrated the positive impact of ω-3 fatty 

acids on infant neural development and lower the onset of numerous psychiatric conditions 

(Hibbeln et al. 2006; Innis, 2007; Su et al. 2003).    

 Despite the health promoting benefits of these ω-3 oils, their high degree of unsaturated 

carbon-carbon double bonds renders them highly susceptible to oxidative degradation when 

exposed to oxygen and light. Moreover, the degradative by-products of these oils have a fishy 

flavour that is undesirable to many consumers. Therefore, these lipids must be protected.  To this 

end, fish oils have been most commonly encapsulated by spray drying (Klinkesorn, 

Sophanodora, Chinachoti, McClements, & Decker, 2005; Kolanowski et al. 2004) with varying 

degrees of encapsulation efficiency and oxidative stability.  However, these methods typically 

produce encapsulates of several microns to millimetres in size, which may be too large for 
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certain applications. Recently, electrostatic spinning and spraying methods have gained 

considerable interest for the encapsulation of bioactives due to their ability to form submicron 

capsules and simplicity of use.  The techniques rely on using electrostatic charge to draw viscous 

or melted polymer solution into ultrafine solid fibres ranging from tens to hundreds of 

nanometers. Various polymers have been electrospun and electrosprayed into fibres and beads to 

encapsulate bioactive compounds and drugs, including proteins, polysaccharides, and synthetic 

polymers (Alborzi et al. 2010; Jaworek, 2008; Peltonen, Valo, Kolakovic, Laaksonen, & 

Hirvonen, 2010; Vega-Lugo & Lim, 2008, 2012, 2009). 

 Zein protein is a co-product derived from corn in the ethanol industry (Shin, 2008). It is 

rich in glutamic acid (21-26 %), leucine (20%), proline and alanine at 10% each, respectively. 

Zein can further be categorized as α-, β-, γ-, or δ-, where α- and β- zeins are the two major 

fractions.  The α- zein is defined as being soluble in 95% ethanol and represents approximately 

80% of the total prolamine present in corn.  In comparison to the β- zein, the α- fraction contains 

less histidine, arginine, proline and methionine (Shukla & Cheryan, 2001).   The high quantities 

of nonpolar amino acid residues and the deficiency in charged amino acids render the protein 

insoluble in water, potentially making it a good candidate for a controlled oral delivery matrix 

for bioactives. The α-zein prolamine from corn has been the subject of previous studies for the 

encapsulation of bioactive compounds by electrospinning and electrospraying (Fernandez et al. 

2009; Li et al. 2009; Sergio Torres-Giner, Martinez-Abad, Ocio, & Lagaron, 2010). However, 

there is no reported study on a systematic evaluation of release properties of encapsulated fish oil 

in electrospun zein fibres.   

Previously, we encapsulated fish oil in zein fibres (190 to 300 nm) and beads (up to 1 

m) by electrospinning of 20% (w/w) zein solutions in aqueous ethanol or aqueous isopropanol 
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solvents. At 30% (w/w) loading level, the encapsulation efficiency of the electrospun zein fibres 

reached as high as 91% for ethanol-based and 96% for isopropanol-based fibres. The stability of 

the fish oil were tested at 4, 25 and 60°C in the air by monitoring the primary and secondary 

oxidation products. The results indicated that electrospun zein fibres provide a greater oxidative 

stability in comparison to nonencapsulated fish oil. The present study is a follow up investigation 

to elucidate the release behaviour of encapsulated fish oil under simulated gastrointestinal in 

vitro conditions. The objectives of this study are: (1) to characterise the  morphology of 

electrospun materials; (2) determine the release kinetics of fish oil exposed to various in vitro 

conditions; (3) to characterize swelling and degradation of electrospun zein materials in 

simulated gastrointestinal fluids and (4) evaluate protein structural changes via attenuated total 

reflection Fourier transform infrared (ATR-FTIR). 

6.2.  Materials  

 Zein prolamine was purchased from Sigma-Aldrich (grade Z3625; St. Louis, MO, USA) 

and was used as received without further purification.  Fish oil was donated by Ocean Nutrition 

Canada Ltd. (Dartmouth, NS, Canada).  Anhydrous ethanol was supplied by Commercial 

Alcohols (Brampton, ON, Canada).  Anhydrous isopropanol, hexane (HPLC grade), HCl and 

NaOH were purchased from Sigma-Aldrich (St. Louis, MO, USA).  Pepsin derived from porcine 

stomach mucosa, porcine bile extract (containing 49 % (w/w) bile salt consisting of 

hydeoxycholic acid (0.5-2%), glycodeoxycholic acid (10-15%), and taurodeoxycholic (3-9%) 

according to the supplier, A.C.S. reagent) and porcine pancreatin (containing amylase, lipase, 

trypsin, chymotrypsin, and ribonuclease) were obtained from Sigma (St. Louis, MO, USA).  



99 
 

6.3.  Preparation of zein polymer solution for Electrospinning 

Zein solutions were prepared by dissolving 10 or 20% (w/w, zein weight ⁄ (zein weight + 

weight of solvent)) zein powder in 70% (w/w, weight of solvent / (weight of solvent + weight of 

water)) aqueous ethanol or isopropanol solutions with the aid of a magnetic stirrer set to 1200 

rpm. Subsequently, 30% (w/w, weight of oil/ weight of zein powder) of fish oil was added to the 

polymer solutions and stirred for 15 min in the dark at 21 ± 2 
˚
C (Table 6).  

Table 7: The composition of the experimental tests 

Treatment code Solvent type Zein % (w/w) Fish oil % (w/w) 

Z1 Ethanol 20% 30% 

Z2 Isopropanol 20% 30% 

Z3 Ethanol 10% 30% 

Z4 Isopropanol 10% 30% 

 

6.4. Electrospinning process 

 Zein polymer solutions were electrospun using a modified inverted setup which enabled 

continuous fibre spinning as described in Section 4.3.6.   

6.5. Morphological characterization of zein fibres  

 A scanning electron microscope (Model S-570; Hitachi High Technologies Corp., Tokyo, 

Japan), at an accelerating voltage of 10 kV, was used to evaluate the morphology of the 

electrospun zein materials.  These fibres were coated with 20 nm of gold using a sputter coater 

(Model K550; Emitech, Ashford, Kent, England). Image analysis software (Pro-Plus 5.1; Media 

Cybernetics Inc., Rockville, MD, USA) was used to determine the mean diameter of electrospun 

fibres by measuring them at 100 different points for each image. For morphological 
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characterization of zein materials exposed to GIT fluids, the residue was collected and dried 

overnight at 40 °C prior to being analysed by SEM.  

6.6. Preparation of simulated GIT fluids 

6.6.1. Simulated gastric fluid (SGF) 

 The SGF was prepared by dissolving 0.5% (w/w) sodium chloride and 36% (w/w)  HCl 

in 900 ml of deionised water to obtain a pH of 2.0, following USP 24 NF 19 standard method 

(U.S. Pharmacopeia, 2000). To determine the effects of proteases on the release of fish oil in the 

SFG, 0.5% pepsin was added to the solution and adjusted to a pH of 1.2.  The total volume of the 

solution was made up to 1 L and kept refrigerated at 4 ± 0.5 °C until further use as described by 

others (Burgar, Hoobin, Weerakkody, Sanguansri, & Augustin, 2008; Kosaraju, Weerakkody, & 

Augustin, 2009).   

6.6.2. Simulated intestinal fluid (SIF) 

 The SIF was prepared by adapting the method described in the US Pharmacopeia (2000). 

The fluid contained 6.8 g of monobasic potassium phosphate dissolved in 0.9 L of deionised 

water. The solution was adjusted to pH 6.8 by adding 1 N NaOH.  The volume was made up to 1 

L and kept refrigerated until further use.  To the SIF solution, 100 g of pancreatin was added and 

stirred for six hours at 4 ± 0.5 °C as described by others (Burgar et al. 2008; Kosaraju et al. 

2009). 

6.7.   Characterization of swelling and degradation of electrospun zein fibres  

 The degradation of electrospun zein fibres was characterized by determining the extents 

of swelling and erosion in the SGF at pH 2.0 (with and without pepsin), as well as in SIF at pH 

6.8 (with and without pancreatin).  Approximately 300 ± 10 mg of electrospun materials were 

accurately weighed and added to the simulated GIT fluids in a capped test tube and agitated in a 
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rotary water bath shaker at 37 ± 0.5 °C (Model G76; New Brunswick Scientific Co Inc., Edison, 

NJ, USA).  At predetermined time intervals, the contents in the test tubes were poured through a 

18-8, 80 stainless mesh (weight of mesh Wm) to retrieve the solid zein fibres.  The excess water 

was removed from the samples surface by a lint free Kimwipe and weighed (W2).  Samples 

remaining on the mesh were placed in an oven until a constant weight was obtained (W3).  The 

rate of test medium uptake by the zein fibres was determined by equilibrium weight gain method 

as described by others (Efentakis & Vlachou 2000; Pongjanyakul & Puttipipatkhachorn 2007; 

Sinha Roy & Rohera 2002).  The weight gain ratio due absorbed liquid uptake was calculated as 

a weight ratio of the hydrated sample (W2) to its initial dry weight (W1):  

                  (     )                                       (1) 

Fibre erosion in SGF was characterized using the dry weight remain:  

                  ( )  [  (   (     ))   ]                                        (2) 

Experiments were performed in triplicate.   

6.8.   In-Vitro digestion of encapsulated fish in GIT fluids 

6.8.1. Release profile of encapsulated fish oil under SGF  

 Approximately 100 ± 10 mg of electrospun fibres were weighed accurately and 

submerged in 10 mL vials of SGF with or without pepsin. Separate vials of sample were 

prepared for each sampling, where 1 mL were collected at predetermined time intervals. The 

vials were kept at 37 ± 0.5 °C with gentle stirring for 120 min.  The fibres were separated from 

the supernatant by ultra-filtration using a 1 kDa molecular weight filter membrane and fish oil in 

the resulting fibres was extracted by hexane. The absorbance of the hexane extracts was 

measured using a BioChrom Ultrospec 3100 Pro spectrophotometer (BioChrom, Ltd., 

Cambridge, United Kingdom) at 285 nm that corresponded to the λmax of fish oil. The amount of 

oil present in the hexane was determined from a calibration curve (R
2 

= 0.99) prepared by spiking 



102 
 

hexane with various quantities of fish oil and with an equivalent of electrospun zein fibres to 

account for any matrix effects.  The experiments were performed in triplicate for each sampling 

point. 

6.8.2. Release profile of encapsulated fish oil under SIF 

 A similar experimental protocol was adopted to evaluate the release profile of 

encapsulated fish oil under SIF with or without pancreatin, in order to simulate intestinal 

environment.  Aliquots of 1 mL of sample were collected at predetermined time intervals from 

the SIF solutions, followed by spectrophotometric analyses. The experiments were performed in 

triplicate and fresh samples were utilised for each individual time point.   

6.8.3. Release profile of encapsulated fish oil under sequential exposure to GIT 

fluids 

 The sequential exposure of 100 ± 10 mg of electrospun materials was made by dispersing 

them first into 10 mL vials of SGF with or without pepsin and allowed to incubate for 120 min at 

37 ± 0.5 °C in a shaking water bath.  Subsequently, the samples were adjusted to pH 6.8 with 1N 

NaOH and 10 mL SIF (with and without pancreatin) was added to this medium for an additional 

180 min of incubation period under similar conditions.  Upon completion of the sequential 

exposure, the amount of oil released from the electrospun materials was determined 

spectrophotometrically as described above.  The experiments were run in triplicate, with fresh 

samples used for each time point.   

6.9. Fourier transform infrared (FTIR) spectroscopy analysis 

 To investigate if changes of secondary structure of zein occur after the GIF treatments, 

the electrospun zein material was centrifuged at 3000 rpm for ten minutes after GIF sequential 

treatment. The residue was collected and washed with distilled water three times, dried overnight 

at 40 °C, and then analysed by using a FTIR spectrometer (model IRPrestige-21; Shimadzu 
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Corp., Kyoto, Japan) equipped with an attenuated total reflectance (ATR) accessory (Pike 

Technologies, Madison, WI, USA). As a control experiment, zein was exposed to pH controlled 

water alone for the same time period as in the sequential GIF exposure treatments. Samples were 

scanned from 600 to 4000 cm
-1

 at 2 cm
−1

 resolution. An average of 50 scans was taken for each 

spectrum.   

 Secondary structure analysis of zein fibres was conducted by deconvoluting the amide I 

region (1600-1700 cm
-1

) using Grams/32 spectral analysis software (Galactic Industries Corp., 

Salem, NH, USA). The wavenumbers for each of the underlying bands were estimated from the 

second derivative of the original spectra, and each band was fitted with a Gaussian function. The 

secondary structural content was determined from the relative areas of the individual bands in the 

amide I region of zein accordingly to the band assignments from the literature (Li et al. 2009; 

Mejia, Mauer, & Hamaker 2007; Mizutani, Matsumura, Imamura, Nakanishi, & Mori 2003; 

Zhang, Luo, & Wang 2011). 

6.10. Statistical analysis 

 All experiments were carried out in triplicate and results were expressed as the mean 

values ± standard deviations.  Statistical significance among treatments were evaluated with 

analysis of variance (one-way ANOVA with Tukey’s post hoc test), using SPSS 17 (SPSS Inc., 

Chicago, IL, USA) statistical software.  The probability of test statistic (p) was set at 0.05.  

6.11. Results and discussion 

6.11.1. Morphological characterization of electrospun zein fibres  

 The morphology of the encapsulated zein material was dependent on the type of solvent 

used to prepare the zein solution, as well as the protein concentration.  Zein solutions, prepared 

in aqueous ethanol or isopropanol at 10% (w/w) protein concentration, exhibited electrospraying 
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behaviour, producing aggregates on the collector (Fig. 26 a-b). The size of the particles 

generated from the ethanol-dissolved zein solution ranged from 400 to 500 nm, whereas those 

from the isopropanol-dissolved zein solution ranged between 600 to 800 nm. The different 

particle sizes observed can be attributed to higher solubility of zein in aqueous ethanol than in 

isopropanol as described in Section 4.7.2.   An increase in zein concentration to 20% (w/w) level 

induced the formation of smooth fibres in aqueous ethanol (Fig. 26c), while a combination of 

beads and fibres were generated in the isopropanol (Fig. 26d). The beads were homogenously 

dispersed throughout the fibre mesh with a maximum diameter of approximately 3 µm and an 

average size of 1 µm.  Fibres generated from ethanol solution were thicker when compared to 

those prepared in isopropanol. The transition from particles to fibres as the zein concentration 

increased can be attributed to the increased viscosity of the polymer solutions. At 10% (w/w) 

zein concentration, the extent of polymer chain entanglement was lower, while the surface 

tension effect from the solvent was more dominant as compared with the 20% (w/w) solution. By 

contrast, at higher polymer concentration, chain entanglement tended to be more dominant, 

which stabilized the polymer jet and resulted in smooth fibres, as observed by other researchers 

(Gupta, Elkins, Long, & Wilkes 2005; Vega-Lugo & Lim, 2012). This hypothesis is consistent 

with the results from Section 4.7.2, which showed that the viscosity of ethanol zein solution was 

significantly higher than that of the isopropanol solution. Other studies have also demonstrated 

that polymer solutions of higher viscosity tend to produce fibres of larger thickness with minimal 

presence of beads and vice versa (Selling, Woods, & Biswas 2012; Tao & Shivkumar 2007; 

Zong et al. 2002). The swelling and erosion behaviours of the zein carrier under the GIT 

conditions will affect the release profile of encapsulated fish oil. Results related to swelling and 

erosion behaviours are discussed in the following sections. 



105 
 

 

Figure 26:  Morphological characterization via SEM of 10% (w/w) zein and 70 % (w/w) 

aqueous ethanol and isopropanol based fibres with 30% fish oil loading (a-b, respectively);  

and 20% (w/w) zein and 70 % (w/w) aqueous ethanol and isopropanol based fibres with 

30% fish oil loading (c-d, respectively). The histograms show diameter distributions of the 

fibres and beads. 
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6.11.2. Swelling and erosional behaviour of electrospun zein fibres in simulated GIT 

fluids  

 When designing an optimal delivery system for fish oil, it is imperative to consider the 

physiological condition of the GIT.  During digestion, the pH of gastric fluid drops from 2.0 to 

1.2 (Kong & Singh 2008). This harsh gastric environment usually could lead to rapid degradation 

and decomposition of the encapsulant materials, resulting in a burst release of fish oil.  

Therefore, it is important to understand the swelling and degradation behaviours of the 

electrospun/sprayed zein materials under SGF conditions.  

In the absence of pepsin, zein encapsulants prepared from 20% (w/w) zein solution had 

lower weight gain ratio and higher dry weight remain as compared with those prepared from 

10% (w/w) protein solution (Figs. 27a and 27b), due to the greater amount of encapsulant protein 

matrices available in the former formulation.  By contrast, in the presence of pepsin, all 

treatments showed rapid initial increases in weight gain ratio up to around 60 min, followed by 

decreasing trends (Fig. 27c).  The decreased weight gain can be explained partly by the erosion 

of the zein carrier due to protein hydrolysis by the protease (Fig. 27d). The erosion profile of the 

zein carriers can be approximately by a first-order kinetic equation:  

       (   ⁄ )                                                     (3) 

where x is the percentage dry weight remaining at time t, xo is the initial % of dry weight and ke 

is the rate constant obtained from the slope of a straight line plot for ln (x/xo) against time t.  The 

ke  and coefficient of determination values of erosion kinetics for electrospun/sprayed zein 

materials are presented in Table 8.  As shown, electrospun materials (Z1 and Z2) exhibited lower 

erosion rates in comparison to electrosprayed materials (Z3 and Z4) in all simulated GIT 

conditions.  The rate of erosion was significantly greater in the presence of enzymes in 
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comparison to enzyme-free fluids.  Moreover, significantly higher erosion occurred in SGF than 

SIF in all simulated conditions. The SEM images taken at the 60 min time point show that both 

electrospun and electrosprayed materials tend to fuse, which may explain the decrease in the rate 

of erosion during the later phases of SGF exposure, as fused fibres are more stable and therefore 

less likely to degrade (Fig. 28). It is suspected that the spherical features observed in 

electrosprayed materials are droplets of oil accumulated at the surface of the fused membrane.  

These results showed that electrospun zein fibres (Z1 and Z2) were more resistant than the 

electrosprayed zein particles (Z3 and Z4) to SGF environment.  As previously discussed, based 

on the swelling and erosional behaviour of electrospun and sprayed zein polymer under SGF 

conditions, it is believed that successful target delivery of fish oil is in the intestinal tract where 

most absorption occurs.  Considering that gastric emptying time varies between 5 minutes and 2 

hours, the potential exposure time of the encapsulated material will be highly variable. The half 

gastric emptying time has been estimated using 
13

C breath tests to be around 80.5 min (Hellmig 

et al. 2006; McConnell, Fadda, & Basit 2008).  Therefore, it is believed that zein matrix would 

provide sufficient stability to achieve targeted delivery in the intestines.   
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Figure 27:  Weight gain ratio and dry weight remaining percentage profiles of fish oil 

loaded electrospun/sprayed zein materials under simulated gastrointestinal fluids: (a) 

weight gain ratio and (b) dry weight remain (%) of electrospun materials in SGF at pH 2; 

(c) weight gain ratio and (d) dry weight remain (%) of electrospun materials in SGF at pH 

1.2 in the presence of pepsin; (e) weight gain ratio and (f) dry weight remain (%) of 

electrospun materials in SIF at pH 6.8; (g) weight gain ratio and (h) dry weight remain (%) 

of electrospun materials in SIF at pH 6.8 in the presence of pancreatin. Data are reported 

as mean ± standard deviation. See Table 7 for legends. 
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Table 8:  Rate constant (k) and coefficient of determination values of erosion kinetics (Eq. 

3) for electrospun zein fibres in simulated GIT fluidsds. 

 SGF  SGF with pepsin  SIF  SIF with pancreatin 

Treat-

ment 

code 

k , 10
-3

 

(min
-1

) 

R
2
  k , 10

-2
 

(min
-1

) 

R
2
  k , 10

-3
 

(min
-1

) 

R
2
  k , 10

-3
 

(min
-1

) 

R
2
 

Z1 -2.420.20
Aa

 0.99  -1.640.03Ab
 0.98  -1.450.20

Aa
 0.99  -1.690.30Ab

 0.98 

            

Z2 -3.200.30
Ba

 0.99  -1.780.02Bb
 0.99  -1.670.10

Ba
 0.98  -1.810.40Bb

 0.96 

            

Z3 -4.39 0.10
Ca

 0.99  -1.900.01
Cb

 0.97  -1.740.11Ca
 0.97  -2.020.10Cb

 0.96 

            

Z4 -4.460.41
Ca

 0.99  -1.940.02
 Db

 0.95  -1.760.30Ca
 0.97  -2.080.21Cb

 0.97 

Data are reported as mean  standard deviation.  Different capital letters indicate significantly 

different values within each treatment code, under specific simulated GIT fluid.  The lowercase 

letters compares the effect of enzyme within SGF and SIF, where different lowercase letters 

indicate significantly different values.  ANOVA with Tukey’s post hoc test. (p<0.05) 

 

 Upon leaving the gastric environment, the encapsulated zein material would enter the 

small intestine where the transit period ranges in average up to 3.2 ± 1.6 h and can be as long as 

9.5 h (Davis, Hardy, & Fara 1986; McConnell et al. 2008).  The pH of the small intestine has 

been reported to be between 6.8 and 7.9 both in the presence and in the absence of pancreatin.  

Pancreatin is composed of a mixture of several digestive enzymes, including amylase, lipase and 

protease, produced by the exocrine cells of the pancreas (Di Maio & Carrier 2011; Press et al. 

1998).  Exposing the zein-encapsulated fish oil to SIF in the absence of pancreatin produced 

similar weight gain behaviours observed with the SGF conditions for all the four treatments, 

albeit at slower rates (Fig. 27e). At the end of the SIF study, the percentage dry mass remaining 

was approximately 70% without pancreatin and 60% with pancreatin (Fig. 27f), as compared 

with results from the SGF experiments, in which the percentage dry mass remaining was 

approximately 40-70% (Fig. 27b) without pepsin and ~0% with pepsin (Fig. 27d). In the 
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presence of pancreatin, similar results were observed for the encapsulated fish oil (Figs. 27g and 

27h; Table 8).  These results show that the zein carriers were more resistant to hydrolysis in 

pancreatin, as compared to the pepsin in the gastric environment. The different degradation 

behaviours of zein observed in SGF and SIF may be related to the amino acid compositions of 

zein, which is rich in glutamine and asparagine amino acids.  Both of these amino acids can 

undergo deamidation under acidic environments, which further destabilizes zein's native 

structure. Whereas in SIF environment, the pH of the solution was near the isoelectric point of 

zein, which is pH 6.8 (Cabra, Arreguin, Vazquez-Duhalt, & Farres 2007; Yong, Yamaguchi, & 

Matsumura 2006).  The degradation of zein in SIF without pancreatin may be due to the 'salting 

in' effect of phosphate ion present in the buffer.  Zein's net charge may increase as a result of 

binding with phosphate anions, increasing the solubility of the zein matrix (Collins 2004). 
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Figure 28:  Morphological characterization via SEM of electrospun/sprayed zein materials 

after exposure to one hour of simulated gastrointestinal fluids. 

 

6.11.3. Release behaviour of encapsulated fish oil in SGF or SIF environments  

 Swelling and erosional behaviours of the zein encapsulant affected the release profile of 

fish oil. Under SGF conditions at pH 2, a rapid release occurred during the first hour of exposure, 

reaching approximately 40% release of fish oil, followed by a slower rate of release for the 
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remainder of exposure times (Fig. 29a).  At the end of the study, an estimated 70% release was 

observed for all encapsulating materials.  At pH 1.2, similar trends were observed except that the 

overall percentages of fish oil released were higher (Fig. 29b).  In both pH conditions, the 

percentages of fish oil released were higher with 10% zein solutions that produced beaded zein 

particles, as compared to the continuous fibers prepared from the 20% zein solutions. Similar 

trends were observed under the SIF conditions (Fig. 29c-d), although the overall release rates of 

fish oil were slower than those observed in SGF conditions. 

 

Figure 29:  Release profiles of fish oil loaded electrospun/sprayed zein materials under 

simulated gastrointestinal fluids: (a) SGF at pH 2; (b) SGF at pH 1.2 in the presence of 

pepsin; (c) SIF at pH 6.8; (d) SIF at pH 6.8 with the presence of pancreatin. Data are 

reported as mean ± standard deviation. See Table 7 for legends. 

 

 To evaluate the release kinetics of electrospun zein fibres, the release data for SGF and 

SIF with and without enzymes can be described using the Korsmeyer-Peppas equation, which is 
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widely used to determine release behaviour of bioactive compounds from polymeric systems, 

especially when complex mass transport phenomena are involved (Korsmyer, Gumy, Doelker, 

Buri, & Peppas 1983): 

    ⁄     
                                                  (4) 

where Mt/M∞ is the fractional fish oil release (the percentage of the total fish oil amount 

incorporated into the zein), Mt is the concentration of fish oil released at time t, M∞ is the 

concentration of fish oil released at equilibrium, kr is a rate constant related to the properties of 

the electrospun fibres and the fish oil, and n is the release exponent that depends on the transport 

mechanism and the geometry of the carrier. By plotting the log value of (Mt/M∞) versus log (t), 

the n and kr values, as well as the coefficients of determination (R
2
) were obtained from 

regression analyses (Table 9). Since the units for the calculated rate constants are different, in 

order to facilitate the comparison between treatments, the mean dissolution time (MDT) values 

were calculated (Möckel & Lippold 1993), using the n and k values derived from Equation 4: 

    [  (   )]  
   ⁄

                                            (5)  

 The MDT values for the four zein formulations are summarized in Table 9, showing that 

the ethanolic zein had significantly higher values as compared to the isopropanol based zein, 

both with and without pancreatin.  Furthermore, electrospun zein fibers had generally higher 

MDT values than the electrospray zein particles. As expected, in the presence of enzymes, higher 

rates of release were observed as compared to enzyme free treatment. 
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Table 9:  Korsmeyer-Peppas model (Eq. 4) fitted to the release data of fish oil encapsulated 

electrospun zein fibres in various simulated media.  

Simulated 

medium 

Treatment n Kr 

(min
-n

) 

R
2
  Mean dissolution 

time (min) 

SGF 

Z1 0.48 0.04 0.99  281.801.18A 

Z2 0.44 0.05 0.98  256.671.37B 

Z3 0.30 0.12 0.98  248.521.11C 
Z4 0.32 0.11 0.99  206.842.45D 

       

SGF with 

pepsin 

Z1 0.47 0.07 0.99  85.771.02A 

Z2 0.44 0.09 0.99  74.832.12B 

Z3 0.42 0.12 0.98  50. 141.36C 

Z4 0.40 0.13 0.97  46.642.41C 

       

SIF 

Z1 0.65 0.01 0.99  365.701.31A 

Z2 0.56 0.02 0.99  358.341.02B 

Z3 0.54 0.03 0.99  279.391.46C 

Z4 0.46 0.05 0.96  210.994.15D 

       

SIF with 

pancreatin 

Z1 0.57 0.03 0.99  227.942.41A 

Z2 0.52 0.04 0.98  196.742.06B 

Z3 0.48 0.05 0.99  167.571.41C 

Z4 0.45 0.06 0.99  161. 652.31D 

       

Diffusional exponent (n), kinetic constant (k) and mean dissolution time (MDT) of fish oil 

encapsulated electrospun zein materials.  Data are reported as mean (standard deviation) for the 

MDT.  Different capital letters indicate significantly different values within each treatment code, 

under specific simulated GIT fluid.  Different lowercase letters indicate significantly different 

values within each simulated GIT fluid to compare the effects of enzyme.  ANOVA with 

Tukey’s post hoc test. (p<0.05) 

 

6.11.4. Release behaviour of encapsulated fish oil under sequential SGF and SIF 

treatments  

To further evaluate if the release profile of fish oil is affected by sequential exposure of the zein 

carriers to the GIT fluids, tests were conducted in the presence and absence of enzymes (Section 

6.8.3). Similar to the data observed above for single GIT fluid exposure experiments, the 

presence of enzyme increased the release rate for all zein formulations (Fig. 30).  The amount of 

oil released after the sequential SGI protocol was between 77 to 87% in the absence of enzymes 
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and 86 to 95% with enzymatic treatment.  At the end of the sequential treatment, the amounts of 

fish oil released from Z1 and Z2 were significantly lower than Z3 and Z4 (p<0.05). Since percent 

release values were comparable with those observed under SGF treatment alone, it can be 

concluded that the majority of the fish oil was released in the gastric environment.  

 

Figure 30:  The percentage of oil released from electrospun/sprayed zein materials after 

sequential exposure to simulated gastrointestinal fluids.  Data are reported as mean ± 

standard deviation. Asterisks indicates statistical significance (p<0.05).  See Table 7 for 

legends. 

To understand the effect of sequential GIF treatment on the protein matrix, the zein 

encapsulants were retrieved, dried, and then analyzed using ATR-FTIR spectrophotometer. The 

amide I band for the as-received zein powder occurred at ca. 1643 cm
-1

, but shifted to higher 

wavenumbers at 1649 and 1651 cm
-1

 for fibres electrospun from Z1 and Z2 formulations.  The 

shift was greater at lower concentrations of zein, reaching as high as 1655 and 1658 cm
-1

 for Z3 

and Z4. It has been reported that the frequency of amide I is strongly influenced by the length of 
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the α-helix structure; the longer the helical length, the lower the wavenumber for this band as a 

result of greater hydrogen bonding occurring at the C=O group (Dousseau & Pézolet, 1990; 

Torres-Giner, Gimenez, & Lagaron, 2008).
  
On the basis of these previous findings, the higher 

wavenumber of amide I band for Z3 and Z4 implies the existence of shorter α-helix structures as 

compared to Z1 and Z2, which may be correlated with formation of beaded morphologies as well 

as faster matrix degradation in Z3 and Z4 zein.   Upon the exposure to the sequential GIT fluid 

treatment, all zein materials shifted to higher wavenumbers as compared to the untreated control 

materials, with enzymatic treatments exhibited the greatest shifts, indicating a further loss of α-

helical secondary structure.   

 The underlying bands of amide for the sequentially treated (with and without enzyme) 

and untreated control samples were deconvoluted and their relative areas are summarized in Fig. 

31.  As shown, losses in α-helical structure of electrospun/sprayed zein were evident, which 

could be attributed to the hydrolysis of polypeptide chains. Deamidation of glutamine under 

acidic condition, which is critical in the formation of antiparallel helices of zein molecule could 

be another reason (Chen, Gu, & Huang 2006; Jiang, Guo, Peng, & Sun 1998; Matsushima et al. 

1997; Joshi et al. 2005).  Sequential exposure to SGI fluids resulted in an increase in random coil 

content (1640-1647 cm
-1

), intramolecular β-sheet (1670-1684 cm
-1

) and β-turn (1660-1668 cm
-1

), 

believed to be as a result of greater loss in α-helical structure and molecular reorganization 

(Yong, Yamaguchi, Gu, Mori, & Matsumura 2004).  These results indicate that the secondary 

structures of zein were affected by the solvent type, protein concentration, and GIT fluid 

exposure, which all have important roles in affecting the release of fish oil from zein fibers and 

particles. 
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Figure 31:  Positions and relative areas of the bands fitted to the Fourier deconvoluted 

spectra of zein materials generated from ethanol or isopropanol as solvents containing 30% 

fish oil (w/w) after sequential exposure to simulated gastrointestinal fluids: (a) control 

treatment, (b) enzyme free, (c) with enzymatic treatment.  Bands were assigned to the 

component of the secondary structure.  Data are reported as mean ± standard deviation. 

See Table 7 for legends. 
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6.12. Conclusion  

In this study, fish oil was encapsulated in zein fibres and particles using electrospinning and 

electrospraying techniques, respectively. At 20% zein concentration, the electrospinning process 

generated beaded fibers when aqueous isopropanol was used as a solvent, while smooth and 

continuous fibers were obtained when aqueous ethanol solvent was used instead. At 10% zein 

concentration, electrospraying phenomenon prevailed, resulting in zein particles. Greater 

swelling and erosion rates under GIT fluids were also observed for these formulations in 

comparison to ethanolic based fibrous materials.  As expected, the release of fish oil was greater 

in the presence of pepsin under SGF condition. The SEM revealed that degradation and fusion of 

fibrous materials occur, which lowered the surface area of release at later stage of the study. 

ATR-FTIR spectroscopy was used to monitor the secondary conformational structure changes 

due to simulated GIT fluid treatments. A greater percentage of α-helical was detected under 

ethanolic formulation and at higher concentration of zein.  Enzymatic treatment further disrupts 

α-helical formation and produces higher percentage of random coils.  Results from this study will 

be useful when applying zein matrix as a carrier to deliver fish oil in the gastrointestinal tract, in 

food and nutraceutical applications.  
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Chapter 7 Conclusions and future work 

7.1. Conclusions 

In this study, an electrospinning method was developed to encapsulate fish oil of up to 

30% (w/w) in zein fibres. The effects of aqueous ethanol and isopropanol solvents on the 

solubility of zein, as well as the viscosity, conductivity, and surface tension of the polymer 

solutions, were investigated and linked to the morphology of the resulting encapsulant. Polymer 

solutions prepared from both ethanol and isopropanol  exhibited shear-thinning behaviour, with 

ethanolic solutions having higher apparent viscosities irrespective of the fish oil loading as 

compared to isopropanolic solutions.  Scanning electron microscopy revealed that when 30% 

(w/w) fish oil was added, the resulting fibres from ethanol-based solutions were smooth and 

increased in diameter from 300 to 500nm when compared to solutions without fish oil.  Thinner 

fibres (190 ± 62 nm) with beads with an average size of 1 µm were produced from isopropanol 

zein solutions with a decrease in bead formation as the fish oil content increased from 0% to 

30% (w/w) Transmission electron microscopy and florescence microscopy were usd to examine 

the distribution of fish oil in the electrospun materials.  These microscopy methods revealed that 

fish oil tends to migrate to the core of the electrospun materials and concentrate mostly in the 

beaded areas as a result of phase separation during  the electrospinning process.  This behaviour 

impacted encapsulation efficiency, loading capacity, as well as the stability of the fish oil at 

temperatures of 4, 25 and 60 °C.  The encapsulation efficiency of the electrospun zein fibres 

reached  91% for ethanol-based fibres and 96% for isopropanol-based fibres, at a 30% (w/w) 

loading level.  These results indicate that electrospun zein fibres provide a greater oxidative 

stability for fish oils when compared to nonencapsulated fish oil.  ATR-FTIR spectroscopy 

analyses on the electrospun zein fibres showed that the aqueous ethanol solvent and the addition 

of fish oil promotes the formation of α-helix protein secondary structure whereas isopropanol 
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solvent promotes the formation of an intermolecular and intramolecular β-sheet protein structure.  

Effects of polymer solution properties on the electrospun fibres and the potential applications of 

these ultrathin zein fibres have been discussed.   

To better understand the release of encapsulated fish oil from the zein encapsulant under 

in-vitro gastrointestinal conditions was evaluated using simulated gastric and pancreatic fluids 

with and without the digestive enzymes. Omega-3 rich fish oil was encapsulated in zein 

electrospun fibers and electrosprayed beads using 10 or 20% (w/w) zein solutions, respectively. 

The zein solutions were prepared in either 70% (w/w) aqueous ethanol or isopropanol solvents 

dispersed with fish oil. At 10% (w/w) zein concentration both ethanol and isopropanol generated 

beads, instead of fibers that were observed at 20% (w/w) protein concentration. Substantial 

swelling and degradation of zein matrices were observed in the simulated gastric fluid, thereby 

increased the lipid release rate. Fourier transform infrared spectroscopy analyses were conducted 

to study the changes of the secondary structure of zein as functions of protein concentration, 

solvent types, and digestive treatments where a loss of α-helical structure was evident at lower 

concentrations of zein when using isopropanol as the solvating agent and when exposing the zein 

based materials to SGI fluids. 

Hippocrates’ ‘Let food be thy medicine’ applies to our current era.  With the rise in 

popularity of functional foods, industries require the use of sophisticated and cost-effective 

technologies to deliver quality nutrients to consumers.  Active ingredients in pill form may not 

be as bioavailable as those present in foods. Food remains the best delivery matrix for many 

active biomolecules, on account of the complex interactions existing between the active 

ingredients and the fortified foods, which can promote the uptake of compounds in the 
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gastrointestinal tract (Moretti et al. 2006).  Encapsulation of active compounds via 

electrospinning has relevance in both promoting good health and maintenance of food quality. 

7.2. Future work 

 Based on the findings of this study, there are a number of unresolved areas that warrant 

further investigation:  

1. Manipulation of the formulation for the electrospraying of zein/fish oil core-shell 

structures 

 Zein at 20% (w/w) concentration forms elecetrospun fibres but manipulation of the 

polymer solution formulation in terms of concentration will generate zein particles, instead of 

fibres. These particles may be beneficial for certain food applications where particulate carriers 

are desirable for improved textural profile.  For this investigation, solvent blends that are able to 

disperse both polymers and fish oil can be tested at different concentrations to generate core-

shell structures. It would be interesting to compare the encapsulation efficacy of the resulting 

particles with the current electrospun fibres.     

2. Investigation of the effects of plasma generated during electrospinning on lipid 

oxidation 

 Thus far, no study has been done on the investigation of the influence of the plasma 

generated around the spinneret tip during the electrospinning process, which may initiate lipid 

degradation.  Designing experiments to investigate this phenomenon is challenging because of 

the dynamic nature of the electrospinning process.  Static experiments with similar 

environmental conditions may be a useful alternative.  For instance, submerging a high voltage 

electrode inside an environmentally controlled chamber containing a PUFA (Fig. 32) and 

analysing the oil for pV and p-A.V. would help determine the potential impact of spinneret 

plasma on lipid formation.    
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Figure 32: Proposed setup to determine the effects of high voltage on the stability and 

molecular changes of fish oil. 

 

3. Further understanding of the physicochemical properties of fish oil containing 

electrospun zein fibres 

 In the present study, although the FTIR data derived from peak deconvolution  indicated 

an increase in α-helical secondary structure in zein after electrospinning in the presence of fish 

oil, subsequent work using NMR could further elucidate the changes at the molecular level of 

zein before and after electrospinning.  
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4. Benchmarking of the oxidative stability and in vitro release of electrospun fish oil 

with conventional encapsulation methods  

 Despite some of the limitations of electrospinning and conventional encapsulation 

methods for fish oil, from an industrial technical uptake standpoint it is beneficial to obtain a 

more thorough understanding on how the method developed in this study compares with 

conventional industrial methods. Parameters such as oxidative stability, encapsulation efficiency, 

and in vitro release behaviour would need to be evaluated to determine industry compatibility.  

This would assess the cost-benefit analysis of electrospinning fish oils, important during 

industrial scale up. 

5. Improving the production throughput of encapsulated fish oil in electrospun zein 

fibres 

 The current production throughput with the single-spinneret method is slow at ~1-2 

mL/h. In order to demonstrate the commercial feasibility of the encapsulation technology, the 

production throughput would need to be elevated. One of the potential approaches here is to set 

up a multiplejet electrospinning assembly (Fig. 33). 
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Figure 33: Proposed multi-jet electrospinning device for encapsulation of bioactive 

ingredients in polymers that regularly clog the tip of the spinneret. 

 

6. Exploring coaxial electrospinning setups for encapsulation of fish oil  

Coaxial electrospinning technology is gaining popularity and can be achieved by using a 

secondary polymer that readily form fibres, such as PEO or HPMC, and a carrier polymer 

containing the encapsulated fish oil (Fig. 34 a-b). 
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Figure 34: Coaxial electrospinning spinnerets with reservoir (a) and a conventional setup 

(b). 

 

7. Further investigation of the solvent cup reservoir produced in this study 

 From what has been observed in this study, the solvent reservoir unexpectedly aided in 

the formation of electrospun fibres and provided process stability. Without incorporating the 

reservoir, the fibre production was often halted due to clogging of polymer at the tip of the 

spinneret.  While the positive effect of the solvent reservoir is repeatable and beneficial during 

electrospining, the underlying reason for this phenomenon remains obscure.  Further 

investigation looking at the geometry of the reservoir, the solvent type, and the solvent mixture 

will improve understanding of the fundamentals involved, allowing researchers to exploit the 

phenomenon for the electrospinning of other materials, especially aqueous based polymer 

solutions that are difficult to electrospun.
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