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ABSTRACT 

Electrospinning is a technology that comprises the application of electric power to elongate 

polymers into fibers with different range of diameters. The fiber mats so produced generally 

display high porosity and large-surface-area to volume ratios that enhanced the interaction 

with their surrounding media efficiently. The main objective of this work was to better 

understand the procedure of electrospinning as a one-step encapsulation approach to acquire 

active component loaded nanostructured biopolymeric fibers. In this PhD research, an 

overview on the impact of solution and processing parameters to the fabrication of zein 

electrospun fibers was investigated. The Ce value allowed determination of the minimum 

polymer solution concentration required for electrospinning of bead-free zein fibers which 

occured at 25 wt% (C = 2.1Ce). The response of RSM methods indicates that electrospinning 

parameters like concentration, solution feedrate and applied voltage had significant impact on 

the average fiber diameter. Gallic acid was used as the model active component to determine 

the performance of gallic acid loaded zein fibers using electrospinning as an encapsulation 

technique. The produced fibers exhibit diameters ranging from 327 to 387 nm. The fabricated 

gallic acid-zein fibers were appraised for various physicochemical characterizations including 

morphology of electrospun fibers, distribution of gallic acid in the electrospun fibers and 

thermal analyses. The interactions between gallic acid and zein, as well as antioxidant 

properties of gallic acid after electrospinning were investigated in order to increase further 

understanding on this system. Results obtained indicated that interactions occurred between 

gallic acid and zein at the molecular level. Nevertheless, the loaded gallic acid preserved its 

phenolic character and antioxidant activity after electrospinning. The fabricated product may 

contribute towards the development of nanostructured active packaging materials. Hence, 

evidence for the efficacy and effectiveness of gallic acid loaded zein electrospun fiber mat for 

food contact applications were determined by evaluating its release performance, mechanism 

of action, cytotoxicity and antimicrobial abilities. The Ze-GA fiber mats displayed similar 

rapid release profiles, with Ze-GA 20% exhibiting the fastest release rate in water as 

compared to the others. Gallic acid diffuses from the electrospun fibers in a Fickian diffusion 

manner and the data obtained exhibited a better fit to Higuchi model. The fast release profile 

of gallic acid from the electrospun fibers is due to the large surface area and also the 

localization of gallic acid on the fiber surface. The Ze-GA electrospun fibers are not 

cytotoxic and exhibited antimicrobial properties. Finally, heat-curing was postulated to 

modify the properties of zein electrospun fibers, such as to strengthen their structure and 
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physical properties. Consequently, the colour properties, thermo-mechanical properties, 

surface hydrophobicity, morphology, release performance, molecular weight distribution, 

chemical interactions and structural properties of the heat-cured electrospun fiber mats were 

evaluated. An improved morphological stability of Ze-GA fibers was observed after 

immersion in water at 23 °C for 6 hr. All the electrospun fiber mats exhibited characteristic of 

α–helix rich protein. Overall, electrospinning has proven to be a versatile and promising 

approach that is capable of generating functionalized nanofibers suitable for food 

applications. 
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CHAPTER 1: 
General introduction & literature review 

_________________________________________________________________________________ 
 

1.1 Introduction 

Encapsulation is defined as the process of packaging an active component (or core material), 

which can be a solid, liquid or gas within a secondary material (encapsulant or wall material) 

to form a small capsule (Augustin & Sanguansri, 2008; King Alan, 1995). Encapsulation 

technology has been widely applied in pharmaceutical, medical, cosmetic, agricultural and 

food industries. According to Balassa, Fanger, & Wurzburg (1971) and Desai & Park (2005), 

encapsulation process is usually carried out in food industry to: 1) isolate/protect the contents 

from loss, degradation, harsh surrounding environment or interactions with other food 

ingredients during storage or processing; 2) release the contents in a controlled manner in 

order to achieve sustained delivery; 3) mask the undesirable taste of certain nutrients; 4) 

facilitate the handling process of some liquid or gaseous ingredients; 5) dilute the content so 

that it could be used in a lesser amounts; and 6) utilize novel sensitive components to prepare 

food stuffs with additional attractiveness. Other than that, entrapment of active ingredients 

such as antioxidants, antimicrobial agents and immobilization of enzymes or bacteria onto a 

polymer, in order to use them as food processing aids or carrier agents are also common 

encapsulation practices in the food industries (Champagne, Lee, & Saucier, 2010; 

Manojlović, Nedović, Kailasapathy, & Zuidam, 2010; Peng et al., 2010; Wu, Wang, & Chen, 

2010). The encapsulated contents will be released in response to a trigger (such as shear, 

osmotic force, pH, temperature, enzymatic reaction, etc.) when it is required (Augustin & 

Hemar, 2009).  

 

To date, several good reviews on encapsulation of food ingredients have been published 

(Augustin & Hemar, 2009; Gouin, 2004; Shahidi & Han, 1993). Those reviews suggested 

various encapsulation techniques that are commonly employed in the food industry, which 

include but not limited to spray drying, spray chilling/cooling, freeze drying, fluid bed 

coating, extrusion, centrifugal co-extrusion, co-acervation, formation of liposomes, co-

crystallization, molecular inclusion, rapid expansion of supercritical solution and alginate 

beads. The size and shape of the fabricated capsules can range from several nanometres to 

micro or millimetres. The architecture and encapsulation performance of the capsules are 

strongly affected by the selection of encapsulation material and methods. Despite the fact that 

there are numerous methods available for the encapsulation of food ingredients, the search for 

a new frontier in the encapsulation technique never seems to end. As a result, encapsulation 
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using electrohydrodynamic forces has been successfully conducted in the food research 

community recently (Gomez-Estaca, Balaguer, Gavara, & Hernandez-Munoz, 2012; Y. Li, 

Lim, & Kakuda, 2009; Neo et al., 2013a). Electrospinning and electrospraying are processes 

involving the application of electrical charges on a polymer liquid/melt at the tip of a 

capillary nozzle, which draws the liquid/melt into nanofibers (through electrospinning) or 

nanodroplets (through electrospraying) under the influence of high electric potential gradient.  

It is one of the emerging technologies that began to receive much consideration as a method 

to manufacture nanostructured materials.  

 

The fabrication of nanostructured particles can be achieved through two approaches, namely 

‘top down’ or ‘bottom up’ process. The ‘top down’ method involves physical reduction of a 

material into nanometre size range. The commonly used ‘top down’ techniques are milling, 

grinding and high pressure homogenization. In the ‘bottom up’ method, nanoparticles are 

formed through arrangements, precipitation or self-assembling of molecules, atom or single 

particles into the desired dimensions. Examples of the ‘bottom up’ techniques include the 

formation of crystals from lipids; formation of miscelles from surfactants; or the formation of 

hydrogel from polysaccharides (Kakran, Shegokar, Sahoo, Gohla, Li, & Müller, 2012; 

Lesmes & McClements, 2009; Sanguansri & Augustin, 2006). The electrospinning approach 

is a top down process as solution liquids are disintegrated into fine fibers under the influence 

electrical charges. The fabricated electrospun fibers displayed diameter in range of 10 to 1000 

nm and usually exhibit high surface area that might enhance the interaction of the 

encapsulated active component with the surrounding media. Encapsulation using 

electrospinning offers attractive advantages like, the production of size controllable as well as 

near-monodisperse fiber dimension and high encapsulation efficiency. The high surface area 

provides significant capacity for the attachment or release of functional groups, absorbed 

molecules, ions, catalytic moieties and other nanoscale particles (Ko, 2004). A well-defined 

fiber size distribution is expected to demonstrate a predictive time release of the active 

component throughout the time. Consequently, the food research community is taking the 

advantage of the electrospinning process for encapsulation that will offer potentially 

improved functional properties (e.g. efficiency, efficacy, stability, solubility) of the active 

component at nanodimensions.  This is because nanostructured materials will exhibit better 

solubility and bioavailability, enhanced controlled release and greater precision targeting as 

compared to micron-size particles (Fang & Bhandari, 2012; Mozafari, Khosravi-Darani, 

Borazan, Cui, Pardakhty, & Yurdugul, 2008). Thus, lesser amount of the nanostructured 
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encapsulated product is required to display the specific effect than the unencapsulated 

product (Mozafari et al., 2008).  

 

Encapsulation using electrospinning is a straight forward and simple process. It can be 

conducted in ambient conditions, thus prevent the possible degradation of the active 

component under high temperature. Overall, the objective of this chapter is to review the uses 

of electrospinning encapsulation in food by first discussing the theoretical as well as technical 

consideration of the application, followed by the parameters influencing the electrospinning 

process and its resultant fiber morphology. The electrospinning encapsulation method and 

wall materials that have been used for the electrospinning encapsulation process, which are 

suitable for food applications are summarized. The chapter also discusses the recent 

advancement of electrospinning encapsulation in food and their potential uses in the future.  

 

1.2 Historical background of electrospinning  

The behaviour of electrostatic and magnetic phenomena on liquid was first noticed in the 

16th century, but reported by William Gilbert in 1600, after he noticed the formation of a 

conical shaped water droplet by a piece of charged amber that was held closely to it (C. Luo, 

Loh, Stride, & Edirisinghe, 2012; Yurteri, Hartman, & Marijnissen, 2010). In 1882, Lord 

Rayleigh proposed the influence of electrical charge on the stability of liquid droplets (Fong, 

Black, Kiefer, & Shaw, 2007; Rayleigh, 1882). The physics behind the phenomenon can be 

summarized as: ‘the tendency of a capillary force to form a spherical form of equilibrium 

can be overcome by electrifying the drop’. ‘Rayleigh instability’ was later often denoted as 

an occurrence of instability of electrospinning fiber jet, which minimize the surface energy of 

the liquid jet by breaking it up into droplets (Miao, Miyauchi, Simmons, Dordick, & 

Linhardt, 2010).  Zeleny (1914, 1917) photographed and studied the phenomenon in greater 

detail in the beginning of the twentieth century by demonstrating the formation of fine droplet 

under the effect of electrical stress in two of his work. Formhals (1934) patented the 

invention of electrospinning on the production of artificial threads after he successfully 

manufactured cellulose acetate filaments using electric charges. Sir Geoffrey Taylor (Taylor, 

1964, 1969) proposed mathematical models on the formation of conical shape droplets due to 

the influence of electrical field in the middle of the twentieth century. This observation was 

later frequently referred to as ‘Taylor cone’ by the many researchers in the later years, when 

there was a conflict between the liquid surface tension and the applied electrical charges that 
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led to the deformation of liquid droplet into a cone shape. A surge of studies on 

electrohydrodynamic forces in terms of electrospinning only began in 1990s with the advent 

of nanoscience and nanotechnology and pivotal work by a few world renowned research 

groups. Since then, thousands of research subjects have been dedicated to the potential 

application of electrospinning process in multi-disciplinary areas (Chakraborty, Liao, Adler, 

& Leong, 2009; Katepalli, Bikshapathi, Sharma, Verma, & Sharma, 2011; Wu & Clark, 

2008). Lagerwall (2012) in his introduction to the development of electrospinning cited 

Reneker & Yarin (2008) as follows: ‘Electrospinning has rapidly changed fiber making 

from a capital intensive, large scale process to a low cost, broadly applicable method that 

manufactures fibers on a laboratory bench, to serve diverse needs ranging from materials 

science and technology to life sciences and clinical medicine’. To date, nearly one hundred 

different synthetic and natural polymers have been successfully electrospun (Z. Huang, 

Zhang, Kotaki, & Ramakrishna, 2003) and the smallest electrospun fiber diameter was found 

to be less than 1.6 nm (C. Huang, Chen, Lai, Reneker, Qiu, Ye, & Hou, 2006). Various 

principles behind the fabrication of nanofibers will be further discussed in the following 

sections.  

 

1.3 Electrospinning: theory and process 

Figure 1.1 shows a typical laboratory scale electrospinning set up, that consist of a syringe 

with metal capillary (or needle) as the spinneret, syringe pump, target electrode as the 

collector and high voltage power supply.  

 

Figure 1.1. Laboratory scale of an electrospinning setup. (a) electrospinning spinneret,        
(b) syringe pump, (c) grounded collector, (d) high voltage supply. 

d 

b 

a 

c 
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During the electrospinning process, the polymer solution is subjected to electrical power that 

causes charges to build up within the liquid that form repulsive forces. When the electrical 

forces overcome the surface tension of the polymer liquid, the meniscus of the liquid clinging 

to the tip of the spinneret will elongate into conical shape (‘Taylor cone’), and draws towards 

the grounded collector. Before reaching the collector, the solvent in the jet is evaporated 

during the flight that leads to a deposition of fibrous mat (Figure 1.2a) on the surface of the 

collector. The scanning electron microscopy (SEM) image of electrospun fibers is shown in 

Figure 1.2b. On the other hand, the solution jet breaks down into droplets rather than fibers in 

the electrospraying process as shown in Figure 1.2c.  

 

   

Figure 1.2. Image of (a) electrospun fiber mat. SEM images of (b) electrospun fibers,         
(c) electrosprayed droplets. 
 

 

Most of the polymers are dissolved in appropriate solvents to form polymer solutions and 

some are in the molten form (melt-electrospinning). The polymer solution is loaded into the 

syringe and the solution flow rate is controlled using the syringe pump. The arrangement of 

the electrospinning set-up is generally horizontal (Figure 1.3a), but vertical set-ups that are 

controlled by gravitational forces have also been reported (Biber, Gündüz, Mavis, & Colak, 

2010; Pan, Yen, Cheng, Hsing, & Chuang, 2011). In one of the examples of vertical 

electrospinning setup (electro-wet-spinning, Figure 1.3b), the fabricated fiber mats were 

assembled in a coagulation bath fixed onto a grounded collector plate and high voltage (Kong 

& Ziegler, 2013; Wan, Cao, Zhang, Wang, & Wu, 2008). The fiber mats were later collected 

after the crosslinking reactions. The other types of grounded collectors include the usual flat 

metal plate/mesh and rotating drums/mandrel for the horizontal electrospinning set-up.  

b a c 
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Figure 1.3. Schematic illustrations of electrospinning setup. (a) horizontal, (b) vertical. 

 

Shenoy, Bates, & Wnek (2005a) and Shenoy, Bates, Frisch, & Wnek (2005b) proposed a 

semi-empirical model using rheological analyses, in order to explain the transition of a 

polymer from electrospraying to electrospinning in a good solvent, and non-specific polymer-

polymer interaction limit. Their studies suggested that the entanglement number in solution 

(ne)soln can be determined from equation as follows: 

 

        (ne)soln   =  (ɸM w)                           
                              Me                     (1) 
 
 
Mw is the weight-average molecular weight, Me is the polymer entanglement molecular 

weight that is generally a function of polymer chain topology and morphology, and ɸ is the 

polymer volume fraction, which accounts for the dilution effect due to presence of solvent.  

 

The formation of electrospun fibers or electrosprayed droplets is dependent on molecular 

chain entanglement of the polymer solution. The application of electrical voltage on a 

minimum concentration of polymer solution is most likely to result in electrospraying or bead 

formation primarily caused by ‘Rayleigh instability’ (Shenoy et al., 2005b). The jet fragments 

will form a spherical shape as a result of surface tension before setting down on the collector 

(Chakraborty et al., 2009). However, if the molecular entanglement within the polymer 
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solution is sufficiently high, the viscoelastic properties of the polymer solution will 

counteract ‘Rayleigh instability’ by stabilizing the solution jet and depositing it as a non-

woven mesh of fibers (Kenawy et al., 2003; Shenoy et al., 2005b). Shin, Hohman, Brenner, & 

Rutledge (2001), Hohman, Shin, Rutledge, & Brenner (2001a,b), and Chakraborty et al. 

(2009) suggested that non-axisymmetric ‘bending instability’ (whipping process), 

axisymmetric ‘conducting instability’ and axisymmetric ‘Rayleigh instability’ (droplet 

formation) are the most important operative criteria during electrospinning. These 

instabilities will determine the size and geometry of the resultant fibers or beads. The 

dominant instability is highly relying on the surface charge density and radius of the fluid jet 

(Hohman et al., 2001a). The stretching and thinning process of the solution jet into nanofibers 

is associated with the bending instability of the solution jet. Lagerwell (2012) stated that 

bending instability involves the repulsion between the like-charged ions carried by the 

solution jet. Multiple bending instabilities presumably occur along the jet path due to the 

increasing local charge density as a result of rapid solvent evaporation along the flight. 

Hence, the solution jet has followed a path length that is higher than the designated spinneret 

tip and collector distance, which allows the continuously stretching and thinning of the 

solution jet into nanofibers.   

 

1.4 Control of electrospun fiber morphology and diameter  

A thorough understanding on the electrospun fibers formation and modulation is important in 

order to fabricate the anticipated nanostructure. Several groups of researchers had proposed 

that the solution parameters, processing parameters and ambient parameters will have an 

impact on the electrospinning process and the morphology of the subsequent fibers 

(Anandhan, Ponprapakaran, Senthil, & George, 2012; Beachley & Wen, 2009; Evcin & 

Kaya, 2010; Heikkilä & Harlin, 2008; Z. Li & Wang, 2013). The solution parameters include 

solution concentration, molecular weight, surface tension, conductivity and viscosity of the 

polymer solution. The processing parameters include solution feed rate, distance between 

needle tip and collector and applied voltage. Ambient parameters are parameters such as 

relative humidity and temperature. Solution properties such as concentration, viscosity, 

molecular weight, conductivity and surface tension are commonly not independent of each 

other. For instance, the adjustment of polymer solution concentration or molecular weight 

average will have an effect on its conductivity and surface tension (Jarusuwannapoom et al., 

2005; Mit-uppatham, Nithitanakul, & Supaphol, 2004). Most studies have suggested a 
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stronger effect of solution parameters on the morphology of electrospun fibers as compared 

to processing or ambient parameters (Chowdhury & Stylios, 2010; Henriques, Vidinha, 

Botequim, Borges, & Silva, 2009; Mit-uppatham et al., 2004; Neo, Ray, Easteal, Gizdavic-

Nikolaidis, & Quek, 2012; Senthil, George, & Anandhan, 2013; Sukigara, Gandhi, Ayutsede, 

Micklus, & Ko, 2003). In studies conducted by Senthil et al. (2013), Neo et al. (2012) and 

Sukigara et al. (2003), a change from beaded electrospun structure to ultrafine nanofibers was 

demonstrated by the adjustment of polymer concentrations.  

 

Beaded (or bead-on-string) structure as shown in Figure 1.4 has been considered as defective 

in electrospinning, as it will reduce the high surface area to mass ratio that is desired in the 

electrospun fiber mats. The formation of beaded structure was suggested to be either due to 

axisymmetric ‘Rayleigh instability’ (dominated by surface tension) or axisymmetric 

‘conducting instability’ (electrical competition between surface charge and electric fields) 

(Hohman et al., 2001a; Zuo, Zhu, Yang, Yu, Chen, & Zhang, 2005), which are determined by 

the material properties of the fluid and the operating parameters of the process (Tan, Huang, 

& Wu, 2007; Yu, Fridrikh, & Rutledge, 2006).  

 

             

Figure 1.4. SEM image of beaded structure electrospun fibers. 

 

Beaded structure can be eliminated through appropriate fluid viscoelasticity and polymer 

entanglement by suppressing ‘Rayleigh instability’ (Eda & Shivkumar, 2006; Shenoy et al., 

2005b; Tao & Shivkumar, 2007; Yu et al., 2006). An increase in polymer concentration will 

increase the relative solution viscosity as a result of the intensive overlapping of polymer 

chains. If the extent of the polymer chain overlapping is below the critical value, ‘Rayleigh 

instability’ is not completely eliminated irrespective of the presence of chain entanglement, 
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which leads to the formation of beaded structure (Moghe & Gupta, 2008). Therefore, a 

minimum polymer concentration is generally required for an effective electrospinning 

process. At a constant polymer concentration, the increase in the molecular weight will 

increase the degree of polymer entanglements reflected by the escalation of the solution 

viscosity (Ramakrishna, Fujihara, Teo, Lim, & Ma, 2005). The concentration required for the 

formation of incipient and uniform fibers was found to decrease with the increase in 

molecular weight (Eda & Shivkumar, 2007). Hence, high molecular weight polymer will be 

able to deliver adequate number of polymer entanglements and appropriate solution viscosity, 

even at a lower concentration in a good solvent to inhibit the formation of beaded structure 

(Koski, Yim, & Shivkumar, 2004; Tan, Inai, Kotaki, & Ramakrishna, 2005).  

 

The electrospun fiber diameter is reported to be affected by the solution concentration, as the 

fiber diameter is demonstrated to increase with increase in solution concentration (Katti, 

Robinson, Ko, & Laurencin, 2004; Mo, Xu, Kotaki, & Ramakrishna, 2004; Tong & Wang, 

2007). Higher concentrations contribute towards higher viscoelasticity properties of the 

polymer solution that resist the stretching and bending instability of the solution jet, which 

resulting in a reduced jet path length and gives rise to larger fiber diameters (Mit-uppatham et 

al., 2004; Nezarati, Eifert, & Cosgriff-Hernandez, 2013; Ramakrishna et al., 2005). It is 

important to take note that high solution concentration may also tend to result in ribbon like 

structure of electrospun fibers as shown in Figure 1.5. Ribbon like structure is formed due to 

the uneven evaporation of the solvent between the surface (skin) and core of the charged jet 

(Dhanalakshmi & Jog, 2008; Zhao, Yang, Lu, Wang, & Wei, 2005).  

 

 

                  
Figure 1.5. SEM image of ribbon-like structure electrospun fibers. 
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The atmospheric pressure collapses the jet skin concurrently with solvent evaporation from 

the core that gives rise to flat ribbon-like structures (Ballengee & Pintauro, 2011; 

Ramakrishna et al., 2005). High viscosity solutions are also likely to clog the spinneret tip 

attributable to the rapid evaporation of solvent if it has a low boiling point (Rojas, Montero, 

& Habibi, 2009; Tong & Wang, 2007; Tungprapa et al., 2007b).  

 

Surface tension plays a big part on the morphology of electrospun fibers when a low 

molecular weight polymer or lower polymer solution concentration is used (Thompson, 

Chase, Yarin, & Reneker, 2007). Thompson et al. (2007) also concluded that the effect of 

surface tension is insignificant when the polymer solution preserves its viscoelasticity and 

undergoes solidification. The surface tension and conductivity of a polymer solution can be 

adjusted by the incorporation of additives such as surfactants, ionic salts or electrolytes 

(Jacobs, Anandjiwala, & Maaza, 2010; Lin, Wang, Wang, & Wang, 2004; Matabola & 

Moutloali, 2013; Mit-uppatham et al., 2004). The incorporation of those additives will reduce 

the surface tension or increase the net charge density of the solutions, which as a result will 

induce stronger elongation forces and improved fiber morphology.                                  

 

Effects of processing parameters on the morphology of electrospun fibers are diverse. 

Overall, dissimilar observations have been reported between numerous research studies on 

the effect of processing parameters on the morphology and diameter of electrospun fibers. 

For example, Nirmala, Nam, Park, Shin, Navamathavan, & Kim (2010) and Rojas et al. 

(2009) reported that  the beaded structure could be counteracted through the intensification of 

applied voltage. This is because the applied voltage will influence the cone jet mode on the 

needle tip by affecting its surface charge, dripping rate and fluid velocity (Jacobs et al., 

2010). A higher applied voltage will escalate the electrostatic repulsive force between the 

needle tip and the collector (Lee, Kim, Bang, Jung, & Lee, 2003). Consequently, greater 

drawings stress in the solution jet will be directed towards the collector and reduces the 

formation of beaded structures. However, Deitzel, Kleinmeyer, Harris, & Beck Tan (2001) 

demonstrated a substantial formation of beaded structure with the increase of processing 

voltage which correlates to the changes in the droplet shape at the spinneret tip. Their study 

has shown that the increased applied voltage had altered the conical shape of the solution jet 

surface, which led to a less stable jet as evidenced by the precession of the jet at higher 

voltage. Besides, studies have shown a decrease in fiber diameter with an increase in applied 
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voltage (Chowdhury & Stylios, 2011; Evcin & Kaya, 2010; Katti et al., 2004; Khil, Cha, 

Kim, Kim, & Bhattarai, 2003; Lee et al., 2004; Mo et al., 2004), but also an increase of fiber 

diameter with increase in voltage (Baker et al., 2006; Jiang, Zhao, & Zhu, 2007; Zhang, 

Yuan, Wu, Han, & Sheng, 2005; Zhao, Wu, Wang, & Huang, 2004; Zong, Kim, Fang, Ran, 

Hsiao, & Chu, 2002). The decrease of fiber diameter at increased applied voltage can be 

elucidated as being a result of higher electrostatic and repulsive forces favouring the 

formation of thinner fibers; whilst the increase of fiber diameter with increased applied 

voltage is deemed to have been caused by the large mass flow that leads to thicker fibers 

(Heikkilä & Harlin, 2008). However, several studies have also shown that the applied voltage 

has an insignificant effect on the electrospun fiber diameter (Gu, Ren, & Vancso, 2005; Lee 

& Kay Obendorf, 2006; Marras, Kladi, Tsivintzelis, Zuburtikudis, & Panayiotou, 2008).  

 

Increase of fiber diameter or even the formation of beaded structure was observed with 

increasing solution feed rate at the spinneret tip (Henriques et al., 2009; Ramakrishna et al., 

2005; Tong & Wang, 2007; Zuo et al., 2005), as high solution feed rates allow increased 

mass flow of solution at the spinneret tip. Studies have suggested that a lower feed rate will 

allow more time for the solvent to be evaporated and inspire more stretching of the solution 

jet (Yuan, Zhang, Dong, & Sheng, 2004; D. Zhang et al., 2009). Thus, eliminating the 

possible formation of beaded structures due to non-uniform drawing and surface tension 

(Ojha, Afshari, Kotek, & Gorga, 2008; Zuo et al., 2005). Therefore, a lower feed rate is more 

likely to produce thinner and bead-free fibers. Another influencing factor is the distance 

between spinneret tip and collector. This is correlated to the flight time of the electrospinning 

jet. A larger distance between spinneret tip and collector generally produces fiber with 

thinner diameter and less beaded structure, as the fiber receives more stretching and 

elongation time before it deposits on the collector (Baker et al., 2006; Chowdhury & Stylios, 

2010; Tong & Wang, 2007; Zhao et al., 2004). Decreasing the distance between spinneret tip 

and collector was deemed to create a stronger electrostatic field that resulted in beaded 

structure observed, due to jet instability (Mazoochi, Hamadanian, Ahmadi, & Jabbari, 2012; 

D. Zhang et al., 2009). Nevertheless, a distance that is too large will also cause the reduction 

of electrostatic forces and effective voltage drop, thus resulting in less stretching of the fibers. 

Consequently, an increase of fiber diameter was also reported with the increase in the 

distance between spinneret tip and collector (Evcin & Kaya, 2010; Lee et al., 2004; Mazoochi 

et al., 2012). 
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Ambient parameters like temperature and relative humidity are found to affect the 

electrospun fiber morphologies by influencing the solution properties, such as viscosity and 

solvent evaporation rate (Mit-uppatham et al., 2004; Ramakrishna et al., 2005). A slow 

solvent evaporation rate attributable to low temperature will produce longer stretching and 

elongation process of the solution jet as the jet will solidify slowly, which caused a thinner 

fiber diameter (De Vrieze, Van Camp, Nelvig, Hagström, Westbroek, & De Clerck, 2009). 

On the other hand, high temperature will decrease the viscosity of the solution by moderating 

the rigidity of polymer chains and chain entanglement, thus created a thinner fiber diameter 

(Mit-uppatham et al., 2004; Ramakrishna et al., 2005; De Vrieze et al., 2009). Porous, non-

porous and wrinkled electrospun fibers as seen in Figure 1.6a,b were established under the 

influence of different relative humidity and temperature for certain polymers (Fashandi & 

Karimi, 2012; Kim et al., 2005; Medeiros, Mattoso, Offeman, Wood, & Orts, 2008; Pai, 

Boyce, & Rutledge, 2009; Park & Lee, 2010).  

 

       
Figure 1.6. SEM images of (a) porous electrospun fibers (reprinted with permission from 
Fashandi & Karimi, 2012. © Elsevier), (b) wrinkled electrospun fibers (reprinted with permission 
from Pai et al., 2009. © American Chemical Society).  

 

The presence of porous structure on the electrospun fiber surface at high humidity is 

dependent on the polymer hydrophobicity, solvent volatility and water miscibility (Medeiros 

et al., 2008; Nezarati et al., 2013). These investigated features of the electrospun fibers were 

suggested as being due to fast solvent evaporation that takes the latent heat of the fiber 

surface and the surrounding air at higher relative humidity. The moisture condenses on the 

fiber surface, therefore leaving an imprint behind (Casper, Stephens, Tassi, Chase, & Rabolt, 

2004; Kim et al., 2005; Medeiros et al., 2008). The presence of pores on the fiber surface is 

beneficial in encapsulation applications as it not only enhances the fiber surface area, but also 

may function as pockets for enzymes, or to carry other nanoparticles (Casper et al., 2004). In 

b a 
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addition, relative humidity is demonstrated to decrease the fiber diameter of polyamide 6  

(PA 6) nanofibers with the increase in humidity from 15 to 63 % (De Vrieze et al., 2011). 

This observation was attributed to the plasticizing effect contributed by water on PA 6 

polymers. On the other hand, high relative humidity has also been reported to generate 

thicker fibers as a result of lower electrostatic field that reduces stretching and elongation of 

the solution jet (Huang, Bui, Manickam, & McCutcheon, 2011; Kim et al., 2005; Medeiros et 

al., 2008).  

Altogether, the morphology of the electrospun fibers can be regulated through the 

modification of different solution properties, processing and ambient parameters. A good 

electrospinnable polymer solution should have, 1) sufficient polymer entanglements or 

elasticity to overcome ‘Rayleigh instability’ and prevent the breaking of solution jet into 

fragments, droplets or beaded structure; 2) solution viscosity that is adequate yet not too high 

to compromise the electrospinning process. The effect of processing and ambient parameters 

can vary among different polymers, which can be due to the possible interactions between the 

parameters and experimental conditions, as electrospinning is a complex process that is 

challenging to experimentally change one parameter while others are kept constant 

(Thompson et al., 2007). Nevertheless, a critical value can be determined through tuning and 

adjustment between the parameters in order to achieve the desired electrospun fiber 

morphology.  

 

1.5 Methods of electrospinning encapsulation 

Electrospinning as a technology to produce nanostructured food materials has led to great 

progress due to its simplicity and versatility. Active components can be effortlessly 

incorporated into the polymeric carrier in high loadings without modification of the structure 

and bioactivity through electrospinning. The fabricated fiber largely offers features (He, 

Huang, Han, Liu, Zhang, & Chen, 2006; Nair, Bhattacharyya, & Laurencin, 2004; Verreck et 

al., 2003; Zong et al., 2002) such as: 1) lower degradation rate and faster release kinetics 

compared to the bulk films with similar thickness, due to the short diffusion passage length; 

2) high surface area that enables mass transfer and effective delivery; 3) efficient release 

performance of the active component through modulation of the active component/polymer 

ratio. Different approaches of electrospinning process are available for encapsulation 

purposes. In general, electrospinning encapsulation process has been demonstrated through a 
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number of ways. They are blend electrospinning, co-axial electrospinning, emulsion 

electrospinning and surface modification of the electrospun fiber mats. To date, most of the 

electrospinning encapsulation studies are reported as applications directed at drug delivery in 

pharmaceutical industry. Yet, they can also be further explored or serve as references for the 

development of encapsulation requirements in the food industry. When using electrospinning 

as an encapsulation technique, the loading approach of the active component would have a 

direct effect on its deposition. Thus, the loading approach will influence the rapid or delayed 

release performance of the active component from the electrospun fibers. The active 

component loading approach can be divided into entrapment and binding, which depends on 

the characteristics of the polymeric carrier and the active component (X. Luo, Xie, Wang, 

Liu, Yan, & Li, 2012). In most cases, the release of the active component involves diffusion 

from the polymeric carrier where 100 % release of the active component is expected after a 

certain period of time (Natu, de Sousa, & Gil, 2010). Srikar, Yarin, Megaridis, Bazilevsky, & 

Kelley (2008) examined the release of a model water-soluble compound from polymeric 

electrospun fibers. Their results suggested that the release could be driven by desorption of 

the active component from nanopores in the fibers, or from the outer surface of the fibers in 

contact with the release media, where a complete release does not happen.  

 

1.5.1 Blend electrospinning 
Direct dissolution of the active components in the polymeric carrier is the most common 

electrospinning encapsulation method (Luong-Van, Grøndahl, Chua, Leong, Nurcombe, & 

Cool, 2006; Natu et al., 2010; C. Wang, Tong, Tse, & Wang, 2012; Y. Wang, Wang, Qiao, & 

Yin, 2010; Yu, Shen, Branford-White, White, Zhu, & Annie Bligh, 2009). Both the active 

component and the polymer are dissolved in the same solvent as a blend before the 

electrospinning process as shown in Figure 1.7.  

 

During the electrospinning process, the solution jet solidifies and dries up during its flight 

towards the collector. Hence, the active component is encapsulated within the polymeric 

matrix of the dried nanofiber arrangement. There are several factors that will affect the ability 

of the active component to release from electrospun fibers (Natu et al., 2010; Tungprapa, 

Jangchud, & Supaphol, 2007a), which are: 1) geometry, thickness, diameter, porosity, 

composition and swelling ability of the electrospun fiber the in release medium; 2) physical 

state of the active component and the polymer; 3) loading capacity and molecular weight of 
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the active component; 4) solubility of the active component in the release medium and 

polymer matrix; and 5) the compatibility between the active component and the polymeric 

carrier.  

 

 
 Figure 1.7. Schematic illustration of blend electrospinning.  

 

Compatibility between the active component with the polymeric carrier is shown to be the 

decisive factor for a desirable encapsulation formulation. It was suggested that the 

compatibility will determine the release performance of the active component (Kim, Lee, & 

Park, 2007; Zamani, Morshed, Varshosaz, & Jannesari, 2010; Zeng et al., 2005). The flash 

evaporation of the solvent during the electrospinning process and the high ionic strength of 

the active component tend to locate them on the fiber surface, which generally causes a 

significant rapid release (He et al., 2006). Nevertheless, burst release of the active component 

can be resolved through interaction and compatibility between the active component and 

polymeric carrier at the molecular level (Buschle-Diller, Cooper, Xie, Wu, Waldrup, & Ren, 

2007; Martins, Duarte, Faria, Marques, Reis, & Neves, 2010; Natu et al., 2010; B. Wang, 

Wang, Yin, & Yu, 2010). For instance, when the system is compatible with each other, the 

active component will exhibit a higher affinity for the polymeric carrier than for the solvent. 

Consequently, the active component will migrate into the inner rather than the surface of the 

fiber (Alhusein, Blagbrough, & Bank, 2012). Zeng et al. (2005) revealed that paclitaxel and 
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doxorubicin base which are highly compatible in poly(L-lactic acid) (PLLA)/chloroform 

/acetone solution had inhibited the phase separation process during the flash evaporation of 

solvent from the solution jet. Thus, the drugs were appropriately encapsulated inside the fiber 

and exhibited nearly zero-order kinetics of release due to degradation of PLLA fibers. 

Overall, in order to attain constant and stable release profile of the active component through 

blend electrospinning, a compatible active component and carrier should be chosen. For 

instance, a lipophilic polymer should be used for the encapsulation of a lipophilic active 

component, while a hydrophilic active component ought to be incorporated into a hydrophilic 

polymer. Other than that, a compatible solvent should also be used for both the active 

component and the polymer (Alhusein et al., 2012; Salehi et al., 2013; Yu, Zhu, White, & 

Branford-White, 2009; Zeng et al., 2005). While blend electrospinning is expected to be 

artless to perform, this electrospinning process might not be appropriate for the encapsulation 

of sensitive biological agents such as proteins, cells and enzymes. This is because the organic 

solutions used during blend electrospinning might induce conformational changes of the 

protein (Yeo & Park, 2004), or destroy their biological integrity after mechanical stirring, 

homogenization or ultrasonication process for blending (Kim et al., 2009).    

 

1.5.2 Co-axial electrospinning 
Unlike blend electrospinning that randomly distributes the active component throughout the 

fiber matrix, co-axial electrospinning has been intended to concentrate the active component 

in the core of the fibers, so as to accomplish desired release kinetics of the active component 

(Su, Li, Liu, Su, Lim, & Mo, 2011; Y. Zhang, Wang, Feng, Li,  Lim, & Ramakrishna, 2006). 

The active component and the polymer are kept separated through simultaneous 

electrospinning of two co-axial capillaries in order to acquire core sheath structure (Figure 

1.8a).  

 

The greatest benefit of co-axial electrospinning as compared to mono-axial electrospinning is 

its flexibility in the type and size of fibers it can fabricate (Chakraborty et al., 2009). The 

active component is fed through the inner capillary spinneret, while the polymer solution is 

extruded through the outer capillary spinneret simultaneously. The active component is 

encapsulated as an inner core of the polymer fiber (a core-sheath configuration), provided the 

‘Taylor cone’ was stable as shown in Figure 1.8b. The two co-axial capillaries require 

matching solvents for the inner and outer channels, as the flow rate of the both solutions had 
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to be carefully tailored in order to achieve steady co-axial jet formation (X. Li, Zhang, Li, & 

Yuan, 2010; X. Luo et al., 2012). The inner core can be either an electrospinnable or non-

electrospinnable liquid, while outer channel (shell/sheath) has to be electrospinnable fluids 

(Yu, Fridrikh, & Rutledge, 2004). Sun, Zussman, Yarin, Wendorff, & Greiner (2003) 

supported this viewpoint by demonstrating that the encapsulation of non-electrospinnable 

component is associated with its internal viscous, viscoelastic stresses and electric ‘Maxwell 

stresses’. For that reason, one of the superlative advantages of co-axial electrospinning is an 

effective protection of sensitive biological agents and the formation of core-sheath structure 

regardless of the possible active component and polymer interactions (Z. Huang et al., 2006).  

 

                                   

                                          
Figure 1.8. Schematic illustration of  (a) co-axial electrospinning, (b) a stable deformation of 
‘core and sheath Taylor cone’ under the influence of electrostatic charges during co-axial 
electrospinning. 
 
 

a 

b 
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Sakuldao, Yoovidhya, & Wongsasulak (2011) encapsulated gelatine in cellulose acetate 

through co-axial electrospinning and proposed a possible zero-order kinetics release of 

gelatine in the gastrointestinal tract through digestion. Jiang, Hu, Zhao, Li, & Zhu (2006) 

demonstrated the encapsulation of bovine serum albumin-containing dextran in              

poly(ɛ-caprolactone) (PCL) through co-axial electrospinning, and suggested a release period 

of time ranging from 1 week to more than 1 month in phosphate buffer saline (PBS). 

Similarly, several studies on the sustained release of the non-electrospinnable active 

components such as proteins, viruses, growth factors, DNA or even solids through co-axial 

electrospinning have also been reported (Jiang, Hu, Li, Zhao, Zhu, & Chen, 2005; Liao, 

Chen, Liu, & Leong, 2009; Liao, Chew, & Leong, 2006; McCann, Marquez, & Xia, 2006; 

Sahoo, Ang, Goh, & Toh, 2010). He et al. (2006) encapsulated tetracycline hydrochloride in 

PLLA using co-axial electrospinning, and found that the thickness of the shell/sheath would 

have an impact on the release rate of the active component. Liao et al. (2006, 2009) proposed 

the incorporation of porogen such as poly(ethylene glycol) (PEG) into the shell of nanofibers 

to gain a reasonable control over the release kinetics from the co-axially electrospun fibers. 

The rapid release of the porogen will leave nanoscale pores on the fibers that make it viable 

for the transport of active component in a controlled manner. Nevertheless, the 

electrohydrodynamic behavior of co-axial electrospinning is reported to be complicated and 

difficult to achieve desired results (Liao, Zhang, Gao, Zhu, & Fong, 2008). Many other 

factors such as the interfacial tension, viscoelasticity and miscibility of the sheath and core 

solutions as well as the evaporation and diffusion of the solvents are crucial to the co-axial 

electrospinning process. This is because they have significant impacts on the harmonization 

of the inner and outer solutions at the ‘Taylor cone’ that will affect the electrospinning 

process (Su, Li, Liu, Mo, & Ramakrishna, 2009; Zhang, Zhao, Zhao, Tang, & Yuan, 2010). 

Electrospinning parameters such as sheath solution concentration, core/sheath capillary sizes, 

feed rate and applied voltage are also crucial to the formation of core-sheath bi-component 

structure (Chan & Kotaki, 2009).  Thus, careful selections of the proper solvents and 

processing parameters are needed for the formation of a stable ‘Taylor cone’ in order to attain 

the desired results.    

  

1.5.3 Emulsion electrospinning  
Figure 1.9a depicts a schematic illustration of emulsion electrospinning. Emulsion 

electrospinning is a controlled encapsulation process with sustained release performance, as 
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the active component is surrounded by emulsifiers or surfactants and impregnated into a 

polymeric carrier (Liao et al., 2008). Unlike co-axial electrospinning that needs two separate 

feeding capillary channels in order to achieve core-sheath structure, emulsion electrospinning 

exhibits similar core-sheath nanofibers through single feeding capillary (X. Luo et al., 2012; 

Wei et al., 2011; Wei, Li, Mugishima, Teramoto, & Abe, 2012; Yang, Li, Cui, Zhou, Tan, & 

Wang, 2008a). Emulsion electrospinning can also serve as another method of incorporating a 

hydrophilic active component into a lipophilic polymeric carrier in order to alleviate initial 

burst release (X. Li et al., 2010; Xu et al., 2005).  

 

  
                           

                               
 
Figure 1.9. Schematic illustration of (a) emulsion electrospinning, (b) de-emulsification 
process of the polymeric emulsion under the influence of electrostatic charges during 
emulsion electrospinning. 
 

 

In water-in-oil (w/o) emulsion electrospinning, the polymeric material is usually dissolved in 

an organic solvent and the active component is dissolved in a separate aqueous phase (Liao et 

al., 2008; Su et al., 2009). Xu, Zhuang, Chen, Wang, Yang, & Jing (2006) suggested that the 

stretching and elongation of the polymeric emulsions under the influence of electrostatic 

forces will induce de-emulsification as shown in Figure 1.9b, which creates the core-sheath 

a 

b 
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structure. The organic phase carrying the polymeric carrier evaporates relatively faster than 

the aqueous phase carrying the active component. Thus, the viscosity difference would cause 

an inward movement of the aqueous droplets to settle into the fiber interior rather than on the 

surfaces (Yang, Li, Qi, Zhou, & Weng, 2008b). Xu et al. (2005) demonstrated an entire 

encapsulation of a water-soluble anticancer agent (doxorubicin hydrochloride) in PEG-PLLA 

polymer using emulsion electrospinning. Their study reported a less ‘burst release’ of the 

active component in the very beginning compared to the blend electrospinning. Similar 

results have also been shown on the successful encapsulation of laccase into the electrospun 

poly(D,L-lactide) (PDLLA) based microfibers, by retaining over 67 % of activity of the free 

enzyme, and maintained 50 % of its activity after 10 successive runs (Dai, Niu, Liu, Yin, & 

Xu, 2010).  

 

Other than w/o emulsion electrospinning, reverse case of oil-in-water (o/w) emulsion 

electrospinning had also been concluded by Angeles, Cheng, & Velankar (2008) with 

aqueous solution of polyethylene oxide (PEO) as continuous phase, and either mineral oil or 

a polystyrene (PS) in toluene as the dispersed phase. Their study showed an outcome in 

contrast to coalescence observed by other researchers in w/o emulsion electrospinning. The 

mineral oil or PS in toluene were deformed and broke into smaller droplets during the 

electrospinning process, which is due to the sharp increase of viscosity than that of the PEO 

polymer matrix. Further studies on the o/w emulsion electrospinning as enhanced dissolution 

of water insoluble materials have been testified subsequently. Their results have shown to 

exhibit similar functions (Arecchi, Mannino, & Weiss, 2010a; Dvores, Marom, & Magdassi, 

2012; Kriegel, Kit, McClements, & Weiss, 2009, 2010). Generally, the properties of the 

fabricated electrospun fiber for emulsion electrospinning can be tuned through a careful 

selection of polymer, solvents, emulsifiers and surfactants as well as electrospinning 

processing conditions (Liao et al., 2008). Zhang et al. (2010) recommended that appropriate 

viscosity of the dispersed phase and the formation of stable emulsions through the selection 

of adequate surfactants, are the critical parameters for emulsion electrospinning.                                                                                                               

                                                       

1.5.4 Surface loading after electrospinning  
Encapsulation could also be accomplished after the electrospinning process. Loading of the 

active component can be conducted through physical adsorption, chemical immobilization or 

layer-by-layer (LbL) assembly, where the fiber mats serve only as the supporting structure 
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(Figure 1.10). The electrospun fiber mat has provided an excellent platform for surface 

loading (Huang, Ge, & Xu, 2007), as: 1) the large specific surface area offers relatively high 

loading capacity per unit mass; 2) porous structure offers the approachability of active sites 

and low diffusion resistance essential for high reaction rate and conversion; and 3) efficient 

recoverability of active component from reaction media.  

 

Physical adsorption proposed in electrospinning (Figure 1.10a) is a simple dipping process. It 

is conducted by submerging the electrospun fiber mat in a suspension or pure solutions of the 

active component, and the adsorption of the active component happens through its specific 

affinity or electrostatic forces onto the fiber surface. Physical adsorption offers a versatile 

delivery platform as it is possible to load different active components in the same fiber 

matrix, and prevents the potential modification of the active component caused by the 

electrospinning process. Z. Wang, Wang, & Xu (2006) have successfully immobilized lipase 

from Candida rugosa on polysulfone (PSU) composite electrospun fibers by a physical 

adsorption time of 90 min. In another study, Sakai, Liu, Yamaguchi, Watanabe, Kawabe, & 

Kawakami (2010) demonstrated the immobilization of lipase from Pseudomonas cepacia 

onto electrospun polyacrylonitrile (PAN) fibers using physical adsorption, and found a 20-

fold higher activity than the free lipase. Although physical adsorption involves less 

interference with the activity of the loaded active component, release performance was 

described to be inferior as compared to blend electrospinning on the encapsulation of bone 

morphogenetic proteins (BMPs) using poly(D,L-lactide-co-glycolide) (PLGA) (Ji et al., 

2011; Nie Hemin, Soh, Fu, & Wang, 2008). Encapsulation through physical adsorption is 

also found to be ineffective for controlled release performance. For instance, the active 

component absorbed on the electrospun fiber surface was easily washed off during the 

preparation of heparin-binding epidermal growth factor (Casper, Yamaguchi, Kiick, & 

Rabolt, 2005; Choi, Kim, & Yoo, 2013). Hence, chemical surface modifications and LbL 

assembly of active component embedded multilayer are often more prevalent.  

 

Chemical immobilization (Figure 1.10b) involves the immobilization of the active component 

onto the fiber surface via chemical bonding so that the active component is not easily leached 

out. Common surface functional groups for the chemical immobilization are the primary 

functional groups like carboxyl group, amine group, and hydroxyl group (Yoo, Kim, & Park, 

2009). Usually an introduction/activation of these functional groups to the fiber surfaces is 

required before the chemical immobilization process. The active components can be 
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covalently bonded through different bonding techniques like crosslinking, multi-functional 

reagents or surface reactive functional groups. The chemical covalent bonds are suggested to 

offer the strongest and the most stable encapsulation complexes (Hsieh, Abbott, Ellison, & 

Schreuder-Gibson, 2005).  

 

 
  

Figure 1.10. Schematic illustration of (a) physical adsorption, (b) chemical immobilization, 
(c) layer-by-layer (LbL) assembly. 
 
 
 
For example, activation of the carboxyl groups, hydroxyl groups or nitrile groups on the 

substrate surface by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride/N-

hydroxylsuccinimide (EDC/NHS), sodium periodate (NaIO4), alcohol and dry hydrogen 

b 

a 

c 
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chloride gas, have been reported for the immobilization of lipase, protein A/G, glucoamylase 

and α-amylase (Handa, Hirose, Akino, Watanabe, & Tsuchiya, 1983; Handa, Hirose, 

Yoshida, & Tsuchiya, 1982; S. Li, Chen, & Wu, 2007; Ma & Ramakrishna, 2008; Ye, Xu, 

Wu, Innocent, & Seta, 2005). Nevertheless, random immobilization of the enzyme, covalent 

modification of the active sites, and slower mass transfer of the substrate to/from the active 

site of the enzyme are regularly observed after the immobilization process (Mateo, Palomo, 

Fernandez-Lorente, Guisan, & Fernandez-Lafuente, 2007; Taqieddin & Amiji, 2004; Ye et 

al., 2005). Thus, a decrease activity of the immobilized enzymes as compared to the free 

enzyme is more likely to occur.  

 
LbL assembly (Figure 1.10c) is based on the progressive adsorption of polyelectrolytes on a 

surface to form a multilayer coating frequently driven by electrostatic forces on charged 

substrates. Polyelectrolytes or other electrostatically charged components can be strongly 

adsorbed onto the electrospun fiber surface to form a stable encapsulation complex (Drew, 

Wang, Samuelson Lynne, & Kumar, 2006). It has been further demonstrated that, hydrogen 

bonding, hydrophobic interactions, molecular recognition and covalent bonding can also be 

applied for multilayer build up, which increase the potential of this practice for encapsulation 

purposes (Serizawa, Nanameki, Yamamoto, & Akashi, 2002; Stockton & Rubner, 1997; 

Such, Quinn, Quinn, Tjipto, & Caruso, 2006). Shutava, Balkundi, & Lvov (2009) 

demonstrated a new type of (-)epigallocatechin gallate (EGCG)/gelatine microcapsules using 

LbL assembly method, and recommended the system as a new formulation containing the 

polyphenol for sustained delivery applications. Similarly, X. Wang & Zhao (2013) have 

shown a sustained release of herbicide picloram from microcapsules formulated by LbL 

assembly using chitosan and UV-absorbent sodium lignosulfonate as shell materials that may 

find applications in agrochemical industry. Chunder, Sarkar, Yu, & Zhai (2007) proposed the 

potential versatile controlled release performance of the active component through the 

combination of polyelectrolyte electrospun fibers and polyelectrolyte multilayer films. In 

their work, a sustained and temperature controlled release of methylene blue (MB) was 

achieved from poly(acylic acid) (PAA) and poly(allylamine hydrochloride) (PAH) 

electrospun fibers, coated with perfluorosilane and PAA/poly(N-isopropylacrylamide) 

(PNIPAAM) multilayers. The variation of multilayer thickness, pH, surface hydrophobicity 

and temperature were also found to affect the release performance of MB. LbL assembly had 

also been employed to immobilize poly(ethylamine) (PEI) and plasmid DNA (pDNA) on 

polylactic acid (PLA) electrospun fibers. The incorporation efficiency can be modulated 
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through the changing of pDNA concentration and the number of immersion cycle until the 

desired number of bilayers was deposited (Sakai, Yamada, Yamaguchi, Ciach, & Kawakami, 

2009). Hence, it is suggested that electrospun polyelectrolyte fibers in association with 

stimuli-responsive polymers could be a likely encapsulation platform for sustained release of 

the active component (Yoo et al., 2009). 

 

1.6 Biopolymers suitable for electrospinning process in food 

Polymeric delivery system was first suggested by Ringsdorf in 1975 (Ringsdorf, 1975), in 

order to achieve depot effects of drugs. After the introduction of polymeric electrospun fibers 

as effective bioactive component delivery system, electrospinning has been related to a wide 

range of different natural and synthetic polymers. However, only those that are ‘generally 

recognized as safe’ (GRAS) are allowed to be used for food applications. According to US 

Food and Drug Administration (FDA, 2013): ‘any substance that is intentionally added to 

food is a food additive, that is subject to premarket review and approval by FDA, unless the 

substance is generally recognized as safe, among qualified experts, as having been 

adequately shown to be safe under the conditions of its intended use, or unless the use of 

the substance is otherwise excluded from the definition of a food additive’. It is important to 

note that regulations for food additives are much stringent than those for the pharmaceutical 

or cosmetics (Wandrey, Bartkowiak, & Harding, 2010). Hence, certain polymers such as 

methacrylates that are recognized for drug encapsulation might not be widely applicable in 

food. Encapsulation wall materials (carrier) that have been regularly used in the food industry 

are biopolymers such as carbohydrates, protein, and lipids that are derived from various 

natural origins. These biopolymers have only limited success in electrospinning process. This 

is due to their performance limitations and technical challenges (Kriegel, Arecchi, Kit, 

McClements, & Weiss, 2008; Schiffman & Schauer, 2008), such as: 1) wide disparity in 

molecular weight; 2) biovariations due to different resources; 3) high processing cost; 4) high 

crystallinity and polarity that makes them less soluble in organic solvents; 5) high tendency to 

form strong hydrogen bonds (high surface tension); 6) poor mechanical properties and 

processability of the end products. According to Schiffman & Schauer (2008), each 

biopolymer usually requires specific tuning as well as unique processing conditions that 

makes the whole electrospinning process complicated and challenging. One of the suggested 

approaches to overcome these technical issues is to blend biopolymers with synthetic 

polymers. Synthetic polymers will induce higher molecular entanglement for effective 
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electrospinning process, and to improve mechanical properties of the fabricated electrospun 

fibers (Espíndola-González et al., 2011; Li, Mondrinos, Chen, & Lelkes, 2005a;  Sionkowska, 

2011). The selected biopolymer for encapsulation will have a vast impact on the 

encapsulation efficiency and the stability of the encapsulated products. According to an 

excellent review conducted by Shahidi & Han (1993), an ideal wall material for 

encapsulation purposes should have the following properties: 1) good rheological properties 

at high concentration that is easy to operate during the encapsulation process; 2) good 

emulsify properties towards the active component and stabilize the emulsion produced; 3) 

capable of covering and holding the active component within its structure during processing 

and storage; 4) possibility to complete remove the solvent used during the encapsulation 

processes through drying or other conditions; 5) capable of protecting the active component 

against harsh environmental conditions (such as heat, light, humidity); 6) good solubility in 

GRAS solvents (e.g. water, ethanol) and inexpensive; and 7) ability to achieve specific 

capsule solubility and release properties. The commonly used biopolymers for 

electrospinning encapsulation are discussed below. In addition to that, two synthetic 

polymers, PEO and polyvinyl alcohol (PVA) that have been added to the biopolymers to 

facilitate the electrospinning process will also be deliberated.   

 

1.6.1 Carbohydrates 
Polysaccharides are the homo- and co-polymers of monosaccharides that can be found in 

abundance through many organisms, for instance algal origin (e.g. alginates), plant origin 

(e.g. pectin, guar gum, cellulose, starch), microbial origin (e.g. dextran, xanthan gum) and 

animal origin (e.g. chitosan, chondroitin, hyaluronic acid). They are inexpensive, highly 

stable, non-toxic, and are simple to be modified chemically and biochemically due to their 

diverse chemical structures, composition, molecular weights as well as ionic characteristics 

(Lee, Jeong, Kang, Lee, & Park, 2009; Sinha & Kumria, 2001). Polysaccharides display good 

solubility and high solid content at low viscosities, yet they are also known to have poor 

interfacial properties and generally have to be chemically modified in order to improve their 

surface activities (Gharsallaoui, Roudaut, Chambin, Voilley, & Saurel, 2007). Their 

capabilities to absorb and retain volatiles from the environment during the drying process 

make them the most commonly used materials for flavour encapsulation (Shahidi & Han, 

1993). On the other hand, polysaccharides are also proposed to be a potential colon-targeted 

delivery carrier. This is based on the fact that anaerobic bacteria in the colon are able to 
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recognize the substrates and degrade them with their extracellular enzymes (Shah, Shah, & 

Amin, 2011). Polysaccharides typically used for electrospinning process are cellulose 

derivatives, chitosan, dextran, alginates, pectin, starch and hyaluronic acid (Lee et al., 2009). 

To date, most of the studies shown are associated with the use of organic solvents for the 

electrospinning process, which are not recommended for food applications. Nevertheless, 

Table 1.1 summarizes various polysaccharides and their relative experimental conditions that 

were used for electrospinning for potential future developments.  

 

 

Table 1.1. Electrospinning of polysaccharides fibers. 

Type of polysaccharides Solvent Reference(s) 
 

Cellulose 8 % lithium chloride (LiCl) dissolved  
in dimethylacetamide (DMAc) 
 

Frenot, Henriksson, & 
Walkenström (2007) 
 
 

 N-methylmorpholine oxide 
(NMMO)/water (85:15) 

Kim, Kim, Kang, Marquez, & Joo 
(2006) 
 

Hydroxypropyl cellulose Anhydrous ethanol or 
Anhydrous 2-propanol 
 
 

Shukla, Brinley, Cho, & Seal, 
(2005)  
 
 
 

Ethyl cellulose Tetrahydrofuran (THF)/DMAc 
 

Park, Han, & Lee (2007); Wu, 
Wang, Yu, & Huang (2005) 
 

Hydroxypropylmethyl 
cellulose 

Water/ethanol (1:1) 
 

Frenot et al. (2007) 

 Ethanol/dichloromethane (DCM)  
(40:60) 
 

Brewster et al. (2004) 

Methyl cellulose Water/ethanol (1:1) Frenot et al. (2007) 
 

Cellulose acetate 
 

Acetone/water (80:20) 
 

Son, Youk, Lee, & Park, (2004); 
Son, Youk, & Park (2006) 
 

 Acetone/dimethylformamide 
(DMF)/trifluoroethanol (TFE)  
(3:1:1) 
 

Ma & Ramakrishna (2008) 
 

 Acetic acid/water (75:25) 
 

Han, Youk, Min, Kang, & Park 
(2008) 
 

 Acetone/ DMAc (2:1) 
 

Suwantong, Opanasopit, 
Ruktanonchai, & Supaphol (2007); 
Taepaiboon, Rungsardthong, & 
Supaphol (2007) 
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Cellulose acetate/egg 
albumen 

Cellulose acetate in 85 % acetic acid 
and 
egg albumen in 50 % formic acid 
 

Wongsasulak, Patapeejumruswong, 
Weiss, Supaphol, & Yoovidhya 
(2010) 
 
 

Chitin 1,1,1,3,3,3-hexafluoro-2-propanol 
(HFIP) 
 

Min et al., (2004); Noh et al. (2006) 

Chitosan Trifluoroacetic acid (TFA) 
 

Ohkawa, Cha, Kim, Nishida, & 
Yamamoto, (2004); Schiffman, 
Blackford, Wegst, & Schauer 
(2011) 
 

 TFA/DCM (7:3) 
 

Torres-Giner, Ocio, & Lagaron 
(2008b) 
 

 90 % acetic acid  
 

Geng, Kwon, & Jang (2005) 
 

Chitosan/PEO  
 

50 % acetic acid  
 

Pakravan, Heuzey, & Ajji (2011) 
 

Chitosan/PEO  
 

2 % acetic acid  
 
 

Duan, Dong, Yuan, & Yao (2004) 
 

Chitosan/PEO  
 

Acetic acid  Desai, Kit, Li, & Zivanovic (2008) 
 

Chitosan/PEO/Triton X-100  
 
 

Chitosan/PEO in 0.5 M acetic acid  
and Triton X-100 in DMF 
 

Bhattarai, Edmondson, Veiseh, 
Matsen, & Zhang (2005) 
 

Chitosan/PVA 
 
 

Chitosan in 2 % acetic acid  
and PVA in distilled water 
 
 

Ge, Zhao, Mo, Li, & Li, (2012); 
Park, Kim, Park, Jang, Min, & Kim 
(2013); Zheng, Du, Yu, Huang, & 
Zhang (2001) 
 

Chitosan/PVA 
 

0.2 M acetic acid 
 

Zhang, Huang, Duan, Wu, Li, & 
Yuan (2007) 
 
 

Dextran Water  Jiang, Fang, Hsiao, Chu, & Chen 
(2004); Ritcharoen et al. (2008); 
Shawki, Hereba, & Ghazal (2010); 
Stijnman, Bodnar, & Hans Tromp 
(2011) 
 

Pullulan Water 
 

Hans Tromp, Vink, & Stijnman 
(2012); Stijnman et al. (2011) 
 

 Milk López-Rubio, Sanchez, 
Wilkanowicz, Sanz, & Lagaron 
(2012b) 
 

Alginates/glycerol 
 

Water 
 

Nie Huarong, He, Zheng, Xu, Li, & 
Han (2008) 
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Sodium alginate/PEO 
 

Water 
 

J. Lu, Zhu, Guo, Hu, & Yu (2006); 
Safi, Morshed, Hosseini Ravandi, 
& Ghiaci (2007) 
 

Alginates/PEO 
 

Water (plus a small amount of  
Triton X-100 and Dimethyl sulfoxide 
(DMSO) as surfactant) 
 
 

Bhattarai, Li, Edmondson, & Zhang 
(2006) 
 

Alginates/PEO/Triton X-100 
 
 

Water Bonino et al. (2011) 
 

Alginates/PVA 
 
 

Water 
 

Safi et al. (2007) 
 

Alginates/PVA 
 
 

Water Islam & Karim (2010) 

Alginates/Pectin/PEO  
 

Sodium hydroxide (NaOH) solution Alborzi, Lim, & Kakuda (2010, 
2013) 
 
 

Pectin/chitosan/PVA 
 

Pectin/chitosan in 90 % acetic acid  
and PVA in water 
 

Lin, Chen, Chang, & Ni (2012) 

Guar gum Water Lubambo et al. (2013) 
 

Cassava starch/PLA PLA in DCM, 
cassava starch in DMSO and  
methanol as the conjugated solvent 
 

Sunthornvarabhas, Chatakanonda, 
Piyachomkwan, & Sriroth (2011) 

Starch/ poly(ɛ-caprolactone) 
(PCL) 

Acetic acid or 
Chloroform 
 

Jukola, Nikkola, Gomes, Reis, & 
Ashammakhi (2008) 

Starch DMSO 
 

Kong & Ziegler (2012, 2013) 

Starch acetate Formic acid/water Xu, Yang, & Yang (2009) 
 

Note: PEO and PVA are the abbreviations for polyethylene oxide and polyvinyl alcohol. 
 
 

1.6.1.1 Cellulose 
Cellulose is the most abundant polysaccharides in nature and also the major structural 

material of plants (Tungprapa et al., 2007b). Cellulose has low solubility in both organic and 

aqueous solution due to its crystallinity as well as extensive hydrogen bonding (Kriegel et al., 

2008). It can be derivatized through its hydroxyl side groups on the backbone to form other 

derivatives such as acetate, hydroxyl propyl, methyl, ethyl and others (Frey, 2008). 
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Electrospun cellulose fibers have been fabricated using lithium chloride (LiCl) dissolved in 

dimethylacetamide (DMAc) or N-methylmorpholine oxide (NMMO)/water system, and the 

resulting fibers were unsatisfactory and less uniform (Frenot, Henriksson, & Walkenström, 

2007; Han, Youk, Min, Kang, & Park, 2008; Kim, Kim, Kang, Marquez, & Joo, 2006). The 

main reason for the limited number of studies on the electrospinning of pure cellulose is 

mainly due to the limited solubility of the material, and hence the selection of solvent systems 

is very important (Frenot et al., 2007). However, there are more studies involving to the 

electrospinning of cellulose derivatives like hydroxypropyl cellulose (Shukla, Brinley, Cho, 

& Seal, 2005), ethyl cellulose (Park, Han, & Lee, 2007; Wu, Wang, Yu, & Huang, 2005), 

hydroxypropylmethyl cellulose (Brewster et al., 2004; Frenot et al., 2007), methyl cellulose 

(Frenot et al., 2007) and particularly cellulose acetate (Han et al., 2008; Ma & Ramakrishna, 

2008; Son, Youk, Lee, & Park, 2004; Son, Youk, & Park, 2006) as compared to pure 

cellulose. The regular solvent used for the electrospinning of cellulose and its derivatives is 

DMAc. Interestingly, the electrospinning of cellulose and its derivatives generally involve the 

using of mixed solvent systems rather than just one single solvent. Liu & Hsieh (2002) tested 

the electrospinnability of cellulose acetate using three different solvents, namely, acetone, 

acetic acid and DMAc. Their study demonstrated that no electrospun fibers could be 

produced by the use of a single solvent, unless there was a mixing of DMAc with either 

acetone or acetic acid for effective electrospinning. Electrospun fibers of cellulose acetate 

have been used as a carrier for herbal substances such as curcumin (Suwantong, Opanasopit, 

Ruktanonchai, & Supaphol, 2007) and vitamins (Taepaiboon, Rungsardthong, & Supaphol, 

2007) using acetone/DMAc mixture as the electrospinning solvent. Both studies suggested a 

better release performance of their active components as compared to their cellulose acetate 

counterparts. In another study, Brewster et al. (2004) had electrospun the water soluble 

hydroxypropylmethyl cellulose as a carrier for a poorly water soluble drug (itraconazole) 

using ethanol/dichloromethane (DCM) mixture. They suggested that the release rate of the 

active component can be modulated through different polymer/active component ratios. 

Altogether, the cellulose ethers are important cellulose derivatives for food applications, and 

have been classified as GRAS when used in normal quantities (FDA, 1973). Many cellulose 

derivatives possess great film-forming properties, but they are also described to be too 

expensive for bulk use (van Tuil, Fowler, Lawther & Weber, 2000). Wongsasulak, 

Patapeejumruswong, Weiss, Supaphol, & Yoovidhya (2010) have studied an edible 

electrospun fiber mat from a blend of solutions of cellulose acetate and egg albumen in acetic 

acid and formic acid. Their study implied that the addition Tween 40 as a surfactant to 
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cellulose acetate would decrease the surface tension of the mixture, which enabled the 

electrospinning process. 

1.6.1.2 Chitin and chitosan 
Chitin as the second most abundant natural polymer in the world after cellulose was first 

identified in 1884 (Rinaudo, 2006). It is primarily obtained from crab and shrimp shells 

although it is the structural component in the exoskeleton of arthropods or in the cell walls of 

fungi and yeast (Lee et al., 2009; Rinaudo, 2006). Chitosan is a linear amino-polysaccharide 

that is derived from the deacetylated chitin when the degree of deacetylation of chitin reaches 

approximately 50 %. The poor solubility of chitin is due to the rigid crystalline domains 

formed by the complex network of both inter- and intramolecular hydrogen bonding (Barber, 

Griggs, Bonner, & Rogers, 2013). Unlike chitin, chitosan is soluble in aqueous acidic 

solutions (Geng, Kwon, & Jang, 2005; Lee et al., 2009). Chitosan as a cationic polymer is 

soluble at pH below 6.3 while it precipitates at higher pH values (Shahidi, Arachchi, & Jeon, 

1999). The electrospinning of chitin has been reported using 1,1,1,3,3,3-hexafluoro-2-

propanol (HFIP) as spinning solvent (Min et al., 2004; Noh et al., 2006). In another study, 

the electrospun chitin fibers were further deacetylated into chitosan with aqueous sodium 

hydroxide (NaOH) at high temperature (Min et al., 2004). Ohkawa, Cha, Kim, Nishida, & 

Yamamoto (2004) and Torres-Giner, Ocio, & Lagaron (2008b) have studied the 

electrospinnability of chitosan in a number of acidic media, which were dilute hydrochloric 

acid, acetic acid, formic acid, dichloroacetic acid, propionic acid, lactic acid and 

trifluoroacetic acid (TFA). Their results demonstrated that only TFA was able to fabricate 

chitosan fibers as compared to the other acidic media, and the addition of DCM into the 

solution had significantly improved the homogeneity of the electrospun fibers by increasing 

the volatility of the solutions. The suggested reasons behind the electrospinnability of 

chitosan in TFA (Hasegawa, Isogai, Onabe, & Usuda, 1992; Ohkawa et al., 2004; Pakravan, 

Heuzey, & Ajji, 2011; Schiffman, Blackford, Wegst, & Schauer, 2011) are: 1) formation of 

amine salts at amino groups of chitosan by TFA might have destroyed the strong interactions 

among the chitosan molecules, and allow for critical polymer chain entanglement to progress; 

2) the lower boiling point and higher volatility of TFA as compared to the other acidic media 

are beneficial for electrospinning process. In another study, electrospinning of chitosan had 

been performed using concentrated acetic acid in water as a solvent (Geng et al., 2005). In 

that study, concentrated acetic acid was shown to reduce the surface tension, and increase the 

charge density of the chitosan solution that greatly improved its electrospinnability. 
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Alternatively, electrospinnability of chitosan could be improved through the blending with 

other synthetic polymers such as PEO and PVA, which will facilitate the electrospinning 

process and develop the mechanical strength of the fabricated fibers (Bhattarai, Edmondson, 

Veiseh, Matsen, & Zhang, 2005; Desai, Kit, Li, & Zivanovic, 2008; Duan, Dong, Yuan, & 

Yao, 2004; Zhang, Huang, Duan, Wu, Li, & Yuan, 2007; Zheng, Du, Yu, Huang, & Zhang, 

2001). In recent times, Park, Kim, Park, Jang, Min, & Kim (2013) had constructed a mixed 

blend of chitosan/PVA electrospun fiber mats immobilized with hen-egg white lysozyme for 

antimicrobial applications in food and pharmaceutical industries. The chitosan/PVA 

electrospun fiber mat was treated with NaOH to stabilize the chitosan, and PVA was later 

removed using aqueous solution. Similarly, a blend of PVA/chitosan/tea extract was 

electrospun to produce nanofibrous membranes for the immobilization of glucose 

oxidase/catalase enzyme system, which was expected to find applications in food packaging 

industry (Ge, Zhao, Mo, Li, & Li, 2012). Chitosan has gained a lot of interest in the food 

industry because of its potential to form biodegradable films, enzyme immobilization, 

antimicrobial activity, use as a food additive and as a dietary supplement (Agulló, Rodríguez, 

Ramos, & Albertengo, 2003). Despite the high number of published studies on the 

prospective of chitosan in food (Devlieghere, Vermeulen, & Debevere, 2004; Dutta, Tripathi, 

Mehrotra, & Dutta, 2009; Kean & Thanou, 2010; Shahidi & Abuzaytoun, 2005), only a few 

countries have permitted the use of this biopolymer in food (Agulló et al., 2003). In fact, up 

till now, chitosan does not have a GRAS status with FDA, except those ‘under the 

conditions of its intended use’ (FDA, 2011). Nevertheless, the cationic properties of chitosan 

offer possible electron interactions with several other compounds during processing, which 

makes it a potentially effective encapsulation carrier (van Tuil et al., 2000). 

 

1.6.1.3 Dextran and pullulan 
Dextran is a bacterial polysaccharide consisting of α-1,6 linked D-glucopyranose residues 

with some α-1,2-, α-1,3-, or α-1,4 linked side chains, and is one of the few biopolymers that 

is electrospinnable in aqueous solutions (Jiang, Fang, Hsiao, Chu, & Chen, 2004). Dextran 

has been frequently developed into hydrogels that serve as bioactives carriers in the 

pharmaceutical industry (Brøndsted, Andersen, & Hovgaard, 1998; Kim, Kim, Jung, Kim, & 

Cho, 2003). According to Ritcharoen et al. (2008), dextran with a molecular weight ranging 

from 64 to 76 kDa could be fabricated into ultra-fine electrospun fiber mats with different 

fiber diameters (290 to 1950 nm). It was also reported that up to 10 % of bovine serum 
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albumin or lysozyme could be incorporated into dextran electrospun fibers without 

compromising their morphology (Jiang et al., 2004). Antimicrobial dextran nanofiber mats 

have been constructed by electrospinning a mixture of moxifloxacin antibiotic and dextran 

solution, after dissolving both the antibiotics and dextran in water (Shawki, Hereba, & 

Ghazal, 2010). However, the dextran electrospun fibers had to be crosslinked with 

glutaraldehye in order to improve its mechanical properties, and to avoid immediate 

dissolution of the fibers in an aqueous environment (Dror, Kuhn, Avrahami, & Zussman, 

2008; Shawki et al., 2010). Electrospinning of other water soluble microbial polysaccharides 

such as pullulan has also been studied. Pullulan is an extracellular microbial polysaccharide 

comprising of maltotriosyl units connected by α-1,6 linkages (Kshirsagar, Yenge, Sarkar, & 

Singhal, 2009). Pullulan has been used as a potential carrier for encapsulation of live bacteria 

in the food industry using electrospinning (Hans Tromp, Vink, & Stijnman, 2012). 

Encapsulation of Bifidobacterium animalis in pullulan using electrospinning, in order to 

prolong their survival during storage and at various relative humidity conditions has also 

been reported (López-Rubio, Sanchez, Wilkanowicz, Sanz, & Lagaron, 2012b). 

 

1.6.1.4 Alginates, pectin and guar gum 
In a study conducted by Stijnman, Bodnar, & Hans Tromp (2011), aqueous solutions of a 

variety of polysaccharides from different sources were investigated with respect to their 

electrospinnability intended for food applications. They classified polysaccharides into three 

categories based on their electrospinning behaviour as given in Table 1.2. They are those that 

are fiber forming, those that are able to form a jet but with no fibers, and those that are not 

able to form a jet at all. The results suggested that all charged polysaccharides tested (e.g. 

pectin, alginates, gum Arabic, carrageenan, xanthan) were not electrospinnable in aqueous 

solutions. Alginate as an anionic polysaccharide derived from marine brown algae, has been 

known to have difficulties in electrospinning (Lee et al., 2009). In general, electrospinning of 

alginates has to be performed with another synthetic polymer such as PEO and PVA in water, 

in order to improve its electrospinnability (Bhattarai, Li, Edmondson, & Zhang, 2006; Bonino 

et al., 2011; Islam & Karim, 2010; J. Lu, Zhu, Guo, Hu, & Yu, 2006; Safi, Morshed, Hosseini 

Ravandi, & Ghiaci, 2007). According to Safi et al. (2007), synthetic polymers like PEO and 

PVA could interact with the biopolymers at the molecular level via hydrogen bonding. As a 

result, the mobility of the polymer chains is enhanced through mitigation of the charge 

repulsions between the molecule chains (Bonino et al., 2011; Safi et al., 2007). Nie Huarong, 
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He, Zheng, Xu, Li, & Han (2008) conducted studies to determine the key reasons that hinder 

the electrospinnability of sodium alginate aqueous solution. Their study implied that pure 

sodium alginate in aqueous solution could be electrospun using glycerol as a strong polar co-

solvent. They also suggested that glycerol will disrupt the inter- and intramolecular hydrogen 

bondings among the alginates chains, and increase the flexibility and entanglement of sodium 

alginate chains by forming new hydrogen bondings. This observation has provided a 

promising future to other low electrospinnable biopolymer solutions.  

 

Table 1.2. Electrospinnability of different polysaccharides and their concentrations (%) 
(Stijnman et al., 2011).  
 

Fibers forming 
 

Jet forming No jet or fiber  

Dextran 531 kDa (15%) Locust bean gum (1%) High methoxyl pectin (3.4%) 
Pullulan (15%) Guar (1%) Gum Arabic (50%) 

Glucidex DE 2 (50%) Tara gum (1%) Dextran 6 kDa (45%) 
 Methylcellulose (1%) Alginate (4%) 
 Amylopectin (5%) Konjac gum (2%) 
  Gellan (1%) 
  Xanthan (1%) 
  κ-Carrageenan (1%) 
  λ-Carrageenan (1%) 

 
 

In another study by Alborzi, Lim, & Kakuda (2010), pectin as an anionic polymer was 

blended with alginate while PEO was introduced as a secondary spinning aid polymer. The 

addition of PEO into alginate-pectin blends had reduced the surface tension of the 

biopolymer solutions, which were likely to be the main contributing factors on the observed 

electrospinning performance. Their study intended to use the strong synergy that occurs 

between the high methoxyl pectins with alginates of high guluronate content, as a carrier to 

protect pH sensitive micronutrients like folic acid. Interestingly, the fabricated 

alginate/pectin/PEO electrospun fibers have exhibited enhanced protection on folic acid as 

compared to alginate/PEO electrospun fibers (Alborzi et al., 2013). Pectin has also been 

blended with chitosan (cationic polymer) to form a polyelectrolyte complex (Lin, Chen, 

Chang, & Ni, 2012). The blend was later electrospun using concentrated acetic acid solution 

together with PVA as a second polymer to facilitate the electrospinning process. The 

fabricated electrospun fiber mats have shown greater mechanical properties than pure 

chitosan electrospun fiber mats without the use of hazardous solvents like TFA. Recently, 

33 



Lubambo et al. (2013) have demonstrated the electrospinning of commercial guar-gum 

(galactomannans) in aqueous solution, which was previously found to be only 

electrospinnable in association with other synthetic polymers such as PEO (Talwar, 

Hinestroza, Pourdeyhimi, & Khan, 2008). Galactomannans are known to have 

supramolecular aggregrate (hyper-entanglements) structures that might hinder the 

electrospinning process, although molecular chain entanglement is one of the important 

criteria for effective electrospinning development. The possible rationale behind is the hyper-

entanglements and supramolecular aggregation can lead to polysaccharide chain stiffening 

and reduction of the solubility (Lang & Kajiwara, 1993; W. Li, Wang, Cui, Huang, & 

Kakuda, 2006; Picout, Ross-Murphy, Errington, & Harding, 2003; Vårum, Smidsrød, & 

Brant, 1992). Study by Lubambo et al. (2013) has shown that purification and filtration 

process could change the homogeneity and solubility of the guar gum solutions via molecular 

disentanglement and disaggregation. Hence, such procedures were suggested to be 

responsible for the improvement in electrospinnability of guar gum solutions.  

 

1.6.1.5 Starch 
Starch is the major carbohydrate reserve in plants that consists of two constitutionally 

identical, but architecturally different polysaccharides molecules (linear amylose and 

branched amylopectin) (Lee et al., 2009; Wandrey et al., 2010). In a study conducted by Jeon, 

Vasanthan, Temelli, & Song (2003), starches from waxy and regular varieties of corn and 

barley had shown a better and effective encapsulating performance on a model volatile 

flavour mixture, as compared to β-cyclodextrin that is widely used for flavour encapsulation. 

However, starch is in general testified to be a challenging polymer for electrospinning and 

often relies on a second polymer for electrospinnability (Jukola, Nikkola, Gomes, Reis, & 

Ashammakhi, 2008; Kong & Ziegler, 2012; Sunthornvarabhas, Chatakanonda, 

Piyachomkwan, & Sriroth, 2011). Kong & Ziegler (2012, 2013) demonstrated 

electrospinning of pure starch in a dimethyl sulfoxide (DMSO) aqueous solution, as starch 

molecules are proposed to be fully extended for entanglements in DMSO solvent system. 

Their studies implied that other than molecular entanglements, molecular conformation and 

shear viscosity are also pivotal for electrospinnability of starch solutions. In another study, 

electrospinning of starch acetate in formic acid/water solution was developed in order to 

overcome the limitations of poor water stability and mechanical properties of starch (Xu, 

Yang, & Yang, 2009). Starch acetate is categorized as GRAS under FDA (FDA, 1979), and 
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has found uses in food as a film forming, binding, adhesive, thickening, stabilising and 

texturing agent (de Graaf, Broekroelofs, & Janssen, 1998). Acetylation of starch to a high 

degree of substitution (DS) can be prepared by reacting starch with acetic anhydride using 

catalysts such as NaOH (Xu, Miladinov, & Hanna, 2004). In the studies conducted by Xu et 

al. (2009), starch acetate electrospun fibers with higher DS had shown a lower initial burst 

and a more constant release performance as compared to those with a lower DS.    

 

1.6.2 Protein 
Proteins are natural macromolecules involving different sequences or frequency of 20 amino 

acids that give rise to diverse variation (Wandrey et al., 2010). Chen, Remondetto, & 

Subirade (2006) identified food proteins as potential new GRAS matrices for controlled 

release delivery in encapsulation discipline. They suggested that the multiple functional 

groups and diverse chain folding structures of proteins allow them to interact with the active 

component to form protective matrices. As a result, the active component will be delivered to 

the specific site in the active form. Despite the advancement in electrospinning practices, the 

chemistry of protein electrospinning remains less well understood and controlled. 

Nevertheless, more studies are anticipated to emanate in future with the progression of the 

food and biomedical disciplines (Stegemann, Kaszuba, & Rowe, 2007). The types of food 

protein that were used for electrospinning are collagen, gelatine, sodium caseinate (casein), 

whey protein, prolamins (zein, hordein, gluten), egg albumen, soy protein isolate and 

amaranth protein isolate, as summarized in Table 1.3. 

 

Table 1.3. Electrospinning of protein fibers. 

Type of protein Solvent Reference(s) 
 

Collagen (Type I and III) 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) Li, Mondrinos, Gandhi, Ko, 
Weiss, & Lelkes (2005b); 
Matthews, Wnek, Simpson, 
& Bowlin (2002); Rho et 
al. (2006) 
 

Collagen (Type I) Phosphate buffer saline (PBS)/ethanol (1:1) Dong, Arnoult, Smith, & 
Wnek (2009) 
 

Collagen/chitosan HFIP/Trifluoroacetic acid (TFA) 
 

Chen, Mo, He, & Wang 
(2008) 
 

Type I Collagen/PEO 
 

10 mM acid hydrochloric (HCl) (pH 2.0) 
 

Huang, Nagapudi, 
Apkarian, & Chaikof 
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(2001) 
 
 

Type I Collagen/PVA 
 
 

PVA in water and 
collagen in acetic acid 
 

Asran, Henning, & Michler 
(2010) 

Gelatine Water J. Li, He, Han, Fang, Hsiao, 
& Chu (2006a); J. Li, He, 
Zheng, & Han (2006b);     
S. Zhang et al. (2009) 
 

 70 % acetic acid  
 

Dheraprasart, Rengpipat, 
Supaphol, & Tattiyakul, 
(2009); Sikareepaisan, 
Suksamrarn, & Supaphol 
(2008) 
 

 Acetic acid/ethyl acetate/water mixture 
(50:30:20) 

Sisson, Zhang, Farach-
Carson, Chase, & Rabolt 
(2009) 
 

Gelatine/PVA 
 
 

Gelatine in 88 % Formic acid and 
PVA in water 

Yang, Li, & Nie (2007) 

Gelatine/genipin 60 % acetic acid and 
genipin dissolved in ethanol/PBS mixture 
 

Panzavolta, Gioffrè, 
Focarete, Gualandi, Foroni, 
& Bigi (2011) 
 
 

Casein/PEO 
 
Casein/PVA 
 
 

Casein in triethanolamine and 
PEO or PVA in water 
 

Xie & Hsieh (2003) 

Whey protein isolate 
(WPI)/PEO 
 
 
 

Glacial acetic acid (pH 1) 
 

Vega-Lugo & Lim (2012) 

Whey protein concentrate 
(WPC)/glycerol 
 

Water López-Rubio & Lagaron 
(2012a) 

WPC PBS (pH=7.2) or 
milk  
 

López-Rubio, Sanchez, 
Wilkanowicz, Sanz, & 
Lagaron (2012b) 
 
 
 

Zein 60-90 % Ethanol Aqueous  Fernandez, Torres-Giner, & 
Lagaron (2009); Y. Li, 
Lim, & Kakuda (2009); 
Miyoshi, Toyohara, & 
Minematsu (2005); Neo et 
al. (2013a); Neo, Swift, 
Ray, Gizdavic-Nikolaidis, 
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Jin, & Perera (2013b); 
Selling, Biswas, Patel, 
Walls, Dunlap, & Wei 
(2007); Torres-Giner, 
Martinez-Abad, Ocio, & 
Lagaron (2010); Yao, Li, & 
Song (2007) 
 

 Glacial acetic acid Selling et al. (2007);         
Y. Wang & Chen (2012b) 
 

Hordein 
 

Acetic acid solutions 
 

Y. Wang & Chen (2012a) 
 

Hordein/zein Glacial acetic acid Y. Wang & Chen (2012b) 
 

Wheat gluten 
 

HFIP 
 

Woerdeman, Ye, Shenoy, 
Parnas, Wnek, & 
Trofimova (2005) 
 

Gluten 2,2,2-trifluroethanol (TFE)/water mixture 
(40:60) 

Soares, Patzer, Dersch, 
Wendorff, da Silveira & 
Pranke (2011) 
 
 

Gliadin Acetic acid solutions Y. Wang & Chen (2012a) 
 

Egg albumen/PEO 
 

95 % Aqueous formic acid  
 

Wongsasulak, Kit, 
McClements, Yoovidhya, 
& Weiss (2007) 
 
 

Egg albumen/PVA 
 

85 % Formic acid  
 

Rathna, Jog, & Gaikwad 
(2011) 
 

Soy protein isolate/PVA 
 

Water with 0.5 % Triton-X 100 as surfactant 
 
 

Cho, Netravali, & Joo 
(2012); Cho, Nnadi, 
Netravali, & Joo (2010) 
 
 

Soy protein isolate/PEO 
 

Water with 1 % sodium hydroxide (NaOH) S. Wang, Marcone, Barbut, 
& Lim (2013) 
 

Amaranth protein isolate HFIP or 
Formic acid 
 

Aceituno-Medina, Lopez-
Rubio, Mendoza, & 
Lagaron (2013) 
 

Note: PEO and PVA are the abbreviations for polyethylene oxide and polyvinyl alcohol. 
 
 

1.6.2.1 Collagen and gelatine 
Collagen is a water insoluble natural component of the extracellular matrices in connective 

tissues, skin, bone, cartilage, ligament and tendon, with type I and type III as the principal 
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structural and functional protein (Gómez-Guillén, Giménez, López-Caballero, & Montero, 

2011; Toshima, Ohtani, & Ohtani, 2004).  Panduranga Rao (1996) suggested collagen as an 

excellent carrier for enzyme immobilization as the lateral carboxyl groups on collagen allow 

protein-protein interactions such as multiple salt linkages, hydrogen bonding and van der 

Waals interactions. Li, Mondrinos, Gandhi, Ko, Weiss, & Lelkes (2005b); Matthews, Wnek, 

Simpson, & Bowlin (2002) and Rho et al. (2006) reported the electrospinning of type I 

collagen from calfskin as well as type I and type III collagen isolated from human placenta 

using HFIP. Their studies suggested the great potential of electrospun collagen for a variety 

of bioengineering applications as it is architecturally similar to the structure of native 

extracellular matrices. In another study, collagen had been mixed with chitosan to form a 

complex that had been electrospun in mixed solvent of HFIP/ TFA (Chen, Mo, He, & Wang, 

2008). The study had implied interactions between collagen and chitosan which was in 

accordance with several other studies (Chen, Mo, & Qing, 2007; Ma et al., 2003; 

Sionkowska, Wisniewski, Skopinska, Kennedy, & Wess, 2004), and provided possibilities of 

producing new polymeric carrier. Yet, Zeugolis et al. (2008) concluded that the use of 

fluoroalcohols such as HFIP or 2,2,2-trifluoroethanol (TFE) had modified the collagen 

properties (swelling and solubility in water) by denaturing it into gelatine. Furthermore the 

corrosive nature and toxicity of HFIP has narrowed down the practices at application of 

collagen electrospun fibers in the food industry (Kriegel et al., 2008). Hence, numerous 

efforts had been made in order to find a replacement for HFIP in the electrospinning of 

collagen. For instance, Dong, Arnoult, Smith, & Wnek (2009) demonstrated electrospinning 

of collagen using a simple binary mixture of PBS and ethanol, and concluded that the triple 

helix structure of collagen was unspoiled after the electrospinning process. Similarly, 

collagen was electrospun with electrospinning aid polymers like PEO and PVA to facilitate 

the process (Asran, Henning, & Michler, 2010; Huang, Nagapudi, Apkarian, & Chaikof, 

2001).   

 

In terms of food applications, gelatine as a derivative of collagen has received wider attention 

in food encapsulation discipline as compared to collagen. This is because gelatine exhibits 

good emulsifying activity, high stabilizing activity and affinity to generate compact networks 

upon drying (Gharsallaoui et al., 2007). Gelatine can be obtained from partial hydrolysis of 

collagen, either by acidic (gelatine A) or alkaline (gelatine B) extraction and thermal 

denaturation (Padua & Nonthanum, 2012). There are different gelatine types available in the 

food industry that are mostly originated from mammalian or marine sources (Mohtar, Perera, 
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& Quek, 2010). The electrospinnability of gelatine in water makes it an ideal candidate for 

both food and biomedical applications. The neutral pH of water will not only prevent the 

degradation of gelatine under acidic or alkaline condition, but also avoid the possible trace 

presence of hazardous solvent in the produced electrospun fiber mats (S. Zhang et al., 2009). 

Then again, gelatinization of gelatine aqueous solutions due to the interconnected network of 

gelatine chains at room temperature will dampen the mobility of the solution, hence 

obstructing the electrospinning process (J. Li, He, Zheng, & Han, 2006b). As a result, 

gelatine aqueous solutions commonly require to be heated to retain the chain mobility during 

the electrospinning process (J. Li, He, Han, Fang, Hsiao, & Chu, 2006a; J. Li et al., 2006b; S. 

Zhang et al., 2009). Gelatine was used as a carrier for a methanolic crude extract of Centella 

asiatica (a medicinal herb), by electrospinning the gelatine using 70 % acetic acid solution as 

solvent (Sikareepaisan, Suksamrarn, & Supaphol, 2008). The incorporation of this herbal 

extract into gelatine electrospun fibers did not affect their morphologies or sizes. 

Nevertheless, the high water solubility and poor mechanical properties of the gelatine 

electrospun fiber mat would in general require a crosslinking process (using glutaldehyde, 

EDC, NHS), in order to improve its mechanical performance (Dheraprasart, Rengpipat, 

Supaphol, & Tattiyakul, 2009; Sikareepaisan et al., 2008; Yang, Li, & Nie, 2007; S. Zhang et 

al., 2009). Alternatively, another natural cross linking agents namely genipin has been 

successfully applied to improve the elastic modulus and stress of gelatine electrospun fibers, 

which might find more applications in food industry (Panzavolta, Gioffrè, Focarete, 

Gualandi, Foroni, & Bigi, 2011; Sisson, Zhang, Farach-Carson, Chase, & Rabolt, 2009). In 

another study, electrospinning of gelatine with PVA in 88% formic acid solution has also 

been described (Yang et al., 2007). The fabricated gelatine/PVA electrospun fibers were used 

as a carrier for raspberry ketone (an aromatic compound), and the release rate was found to 

be dependent on: 1) gelatine/PVA ratio; 2) the loading amount of raspberry ketone; and 3) the 

crosslinking time of glutaldehyde vapour. Alternatively, electrospinning of gelatine-nisin in 

70 % acetic acid intended for food protection had demonstrated antimicrobial properties 

towards some foodborne pathogen (Dheraprasart et al., 2009).  

 

1.6.2.2 Caseins and whey protein 
Caseins are heat-stable phosphoproteins that can be found predominantly in milk or cheese 

(Wandrey et al., 2010). Their molecular weight are reported to be around 19 to `25 kDa 

(Farrell Jr et al., 2004; Kriegel et al., 2008). Sodium caseinate is the most commonly used 
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water-soluble caseinate. It is frequently used as an emulsifying ingredient for the 

encapsulation of lipids, as it has good emulsifying properties, high diffusivity and strong 

amphiphilic characteristics (Kenyon Melanie, 1995; Vega, Kim, Chen, & Roos, 2005). 

Consequently, the extensive network of inter- and intramolecular hydrogen bonds among 

casein molecules are assumed to be the reason behind their poor electrospinnability (Kriegel 

et al., 2008; Padua & Nonthanum, 2012). Xie and Hsieh (2003) studied the electrospinning of 

casein and lipase after the addition of PEO or PVA. Their study demonstrated that addition of 

PEO or PVA had dissociated the interconnected polypeptide chain of casein, and the lipase 

encapsulated in the electrospun fiber mats had exhibited higher catalytic activity as compared 

to those incorporated into solution-casting-film counterparts. The main drawback of casein is 

possibly its relatively high price (van Tuil et al., 2000) that might make them a less preferable 

option as compared to whey.  

 

Whey is a globular protein that consists of mainly β-lactoglobulin, α-lactalbumin, 

immunoglobulins and serum albumin (Wandrey et al., 2010). It is a by-product of cheese or 

casein production that is also widely applied as wall material for encapsulation practices in 

the food industry (Gharsallaoui et al., 2007). β-lactoglobulin as the main component of whey 

protein, is a globular protein made of 162 amino acid residues (18 kDa), containing two 

disulphide bonds and a free thiol group (Sakurai, Konuma, Yagi, & Goto, 2009). All these 

features have made whey protein a potential carrier for sustained release encapsulation, since 

the intermolecular and intramolecular disulphide links in whey protein can be easily 

modulated through pH alterations, heat or pressure treatment (Gunasekaran, Xiao, & Ould 

Eleya, 2006). Whey proteins have been regarded as excellent encapsulating materials for 

anhydrous milk fat, volatile esters and orange oil (Hogan, McNamee, O'Riordan, & 

O'Sullivan, 2001). Vega-Lugo and Lim (2012) suggested that whey protein isolate (WPI) has 

to be denatured, in order to favour the formation of stable polymer jet during electrospinning. 

In their study, PEO solutions were prepared at different pH (acidic, neutral and alkaline), and 

WPI was added to the solutions for electrospinning. Their study concluded that the altered 

protein conformation under acidic conditions was the main contributor towards the formation 

of uniform beadless electrospun fibers. According to them, no specific interactions were 

detected between PEO and WPI, yet the physical chain entanglement contributed by PEO in 

the mixed solutions was likely to facilitate the electrospinning process. In another study, 

López-Rubio & Lagaron (2012a) had demonstrated the electrospinning of whey protein 

concentrate (WPC) in aqueous solution by the addition of glycerol under different pH. Their 
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study has shown that instead of electrospun fibers, electrosprayed capsules were obtained at 

WPC concentration levels ranging from 35-60 %. Their results have also suggested that 

different sizes of electrosprayed WPC capsules could be obtained by modifying the solution 

pH and the added glycerol content. Antioxidant such as β-carotene was incorporated into the 

electrospinning of WPC/glycerol mixture, and the technique had exhibited high encapsulation 

efficiency in addition to stabilizing the antioxidant against photo-oxidation. López-Rubio et 

al. (2012b) had also performed the electrospinning (electrospraying) of WPC in milk or PBS 

for the protection of live bifidobacteria in another study. The selection of the solvent was 

reported to have an impact on the resulting structures and viability of the bacteria. WPC 

dissolving in milk was reported to exhibit smooth round capsules, and a higher bifidobacterial 

cell viability as compared to pullulan based structures. 

 

1.6.2.3 Prolamins 
Prolamins are the major storage proteins in most cereal grains that have received wide 

attention in research, as cereals have accounted for three of the ten most important crops in 

the world (Business Insider Australia, 2011). The abundance of cereal grains make them 

prospective cost competitive feedstocks for biopolymers. Prolamins can be found in cereal 

grains such as maize, wheat, sorghum, barley and are generally insoluble in water or dilute 

salt solution in their native state (Shewry & Tatham, 1990).  They are high in Proline (Pro) 

and Glutamine (Gln) and have low contents of charged amino acids (e.g. Cysteine, Cys), 

which results in a low net charge at any pH (Shewry & Tatham, 1999). To date, the prolamins 

that have been reported for electrospinning are hordein from barley, wheat gluten (glutenin, 

gliadin), and in particular zein from maize. Zein is the major storage protein of maize, and 

comprises of approximately 45 to 50 % of the maize protein (Shukla & Cheryan, 2001). It is 

not a single protein but rather a mixture of proteins of various molecular weights, classified 

as Type α, β, γ or δ according to their solubility (Kriegel et al., 2008). Selling et al. (2007) 

have determined the electrospinnability of zein in different solvent systems, namely ethanol, 

isopropyl alcohol, methanol, acetone, acetic acid, dimethyl formamide (DMF), 8 M urea in 

water and 10 % NaOH in water. Their results concluded that quality fibers with ribbon 

morphologies could be fabricated using alcohol and acetic acid solutions. Electrospinning of 

zein is generally performed in 60 to 90 % of ethanol as aqueous solutions (Y. Li et al., 2009; 

Miyoshi, Toyohara, & Minematsu, 2005; Neo et al., 2013a; Neo, Swift, Ray, Gizdavic-

Nikolaidis, Jin, & Perera, 2013b; Yao, Li, & Song, 2007). The formation of larger and less 

41 



consistent fiber morphology was reported when electrospinning was performed using 90 % 

ethanol (Y. Li et al., 2009). Nevertheless, ethanol in aqueous solutions is a nontoxic, volatile 

solvent that might be more suitable for electrospinning of zein for food applications (Yao et 

al., 2007). Gluten as a complex mixture of gliadins (monomeric gluten proteins) and 

glutenins (polymeric gluten proteins) is used in the food industry to strengthen the dough 

network and to texturize protein products (Kriegel et al., 2008; Shewry & Halford, 2002; 

Wandrey et al., 2010). Despite the drastic differences on the solubility between gliadins and 

glutenins, electrospinning of wheat gluten was successfully conducted by Woerdeman, Ye, 

Shenoy, Parnas, Wnek, & Trofimova (2005) using HFIP as the solvent.  According to their 

study, the chain entanglements and the presence of reversible junctions in the wheat proteins 

(via thiol-disulfide interchange reaction) were the key factor for the fiber formation. In 

another work, electrospinning of gluten proteins was also successfully conducted using 

TFE/water mixture as the solvent system (Soares, Patzer, Dersch, Wendorff, da Silveira & 

Pranke, 2011). Electrospinning of barley hordein and wheat gliadin in acetic acid solutions 

had been performed recently and the fabricated fibers had exhibited similar morphology as 

compared to zein (Y. Wang & Chen, 2012a). In another study by the same group of 

researchers, instead of electrospinning the prolamin individually, various hordein/zein blends 

were prepared with the intention of using zein as reinforcing filler in the hordein matrix      

(Y. Wang & Chen, 2012b). The fibers produced had demonstrated a significant improvement 

in mechanical properties and wet stability in both water and ethanol. In addition, the system 

is supposed to be low in toxicity and could serve as a potential carrier for controlled release 

delivery in simulated gastric fluid. Wheat gliadins, maize zein and barley hordein have shown 

good film forming and emulsifying properties for potential industrial encapsulation practices 

(Nesterenko, Alric, Silvestre, & Durrieu, 2013). Among the reported prolamins, zein has been 

most extensively reported as an encapsulation carrier for both food and pharmaceutical 

industry (Fernandez, Torres-Giner, & Lagaron, 2009; Gomez-Estaca et al., 2012; Y. Li et al., 

2009; Luo, Teng, & Wang, 2011; Neo et al., 2013a; Torres-Giner, Martinez-Abad, Ocio, & 

Lagaron, 2010; Wu, Luo, & Wang, 2012).  

 

1.6.2.4 Other protein based biopolymers 
Other protein based biopolymers that have been electrospun, and may find applications in 

food industry are egg albumen, soy protein isolate and amaranth protein isolate. Egg albumen 

is a water soluble globular protein that is commonly used as a stabilizer, foaming and 
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thickening agent in food industry (Kinsella, 1981; Wongsasulak, Kit, McClements, 

Yoovidhya, & Weiss, 2007). According to Wongsasulak et al. (2010), egg albumen has 

shown high potential to be used as a carrier for controlled release delivery due to its pH and 

temperature sensitive properties. However, egg albumen is constantly reported to exhibit poor 

electrospinnability and generally requires the addition of PEO and PVA for electrospinning 

(Rathna, Jog, & Gaikwad, 2011; Wongsasulak et al., 2007). According to Rathna et al. 

(2011), interactions between PVA and egg albumen had modified the viscosity and 

conductivity of the blends, which enabled the electrospinning process.  

 

Soy protein is another prospective source of protein based biopolymer because soy beans are 

one of the most important crops in the world (Business Insider Australia, 2011). Soy protein 

is commercially available as defatted soy flour, soy protein concentrate and soy protein 

isolate. Soy protein isolate was recognized to have the highest protein content compared to 

other soy protein products, which enables it to have a higher film forming ability (Song, 

Tang, Wang, & Wang, 2011). Soy protein isolate is a globular protein that exhibits low 

electrospinnability, and hence was also found to be only electrospinnable under the presence 

of a second polymer. Cho, Netravali, & Joo (2012) and Cho, Nnadi, Netravali, & Joo (2010) 

had performed the electrospinning of soy protein isolate with PVA using water as the solvent. 

Their studies concluded that soy protein isolate had to be denatured through the modulation 

of pH in order to produce quality fibers. In another study, soy protein isolate was electrospun 

with PEO in water under alkaline conditions, and the soy protein isolate solutions had to be 

thermally treated at 60 °C for 2 hr to denature the protein (S. Wang, Marcone, Barbut, & 

Lim, 2013). An anthocyanin-rich raspberry (Rubus strigosus) extract was reported to have 

been added into the fiber forming solutions for encapsulation, in order to fabricate a 

functionalized soy protein based nanomaterial in food systems.  

 

Amaranth is an ancient cereal-like crop that has shown to exhibit better essential amino acid 

balance than those of cereals and legumes (Martínez & Añón, 1996). The electrospinning of 

amaranth protein isolate had been performed using different solvent system (Aceituno-

Medina, Lopez-Rubio, Mendoza, & Lagaron, 2013). Electrospun amaranth fibers could only 

be obtained by using HFIP as a solvent system, while electrosprayed capsules were obtained 

when using formic acid as the solution system.  
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1.6.3 Lipid 
Lipids are insoluble in water but soluble in organic solvents. They are diverse in terms of 

structure and function. Lipid based systems are suggested to be an excellent carrier for 

encapsulation, due to their stability in the gastrointestinal tract, ability to entrap materials 

with different solubility and capability to protect the active component from surrounding 

(Mozafari et al., 2008). Major lipid groups include oils, fats, waxes and phospholipids 

(Wandrey et al., 2010). Phospholipids are amphipatic molecules, which tend to self-assemble 

into a larger micellar in an aqueous environment (Israelachvili, Mitchell, & Ninham, 1976). 

They have a polar head group as well as hydrophobic hydrocarbon tails that make them 

unique and suitable carrier for water insoluble active components (Fricker et al., 2010). 

Construction of phospholipid based electrospun fibers was first fabricated by (McKee, 

Layman, Cashion, & Long, 2006). In their study, lecithin (a natural mixture of phospholipids 

and neutral lipids derived from soy bean) was electrospun using a mixture of chloroform and 

DMF in a mixed ratios of 7:3. Electrospinning of lecithin was deemed possible, for the reason 

that the spherical lecithin micelles at low concentrations will go through one-dimensional 

growth into wormlike micelles that will overlap and entangle like semi-dilute polymer chains. 

On the other hand, phospholipid electrospun fiber mats were also found to exhibit poor 

mechanical properties that made them difficult for elaborate applications (Hunley, McKee, & 

Long, 2007). Nevertheless, Hunley et al. (2007) suggested that direct polymerization of the 

lecithin wormlike micelles would theoretically fabricate more durable phospholipid fibers. 

Lecithin could also be combined with another polymer such as PCL through physical 

blending, after the PCL had been polymerized with cholesterol as the initiator (M. Zhang et 

al., 2012). The electrospinning process was performed using chloroform/DMF (8:2) as the 

solvent. In another study, the hydroxyl group of cholesterol was replaced with triethoxysilyl 

head moiety to create an organic-inorganic hybrid cholesteryl-succinyl silane (Zha, Cohn, 

Dai, Qiu, Zhang, & Wu, 2011). The cholesteryl-succinyl silane was electrospun in 

tetrahydrofuran (THF) and has displayed a significantly better morphological stability than 

phospholipid fibers in PBS.       

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

1.6.4 Synthetic polymers 
The synthetic polymers that have been regularly added into biopolymers with the intention of 

assisting the electrospinning processes are PEO and PVA.  PEO and PVA are commercially 

available in variable molecular weights. They are constantly been electrospun for biomedical 

usage (Agarwal, Wendorff, & Greiner, 2008; Z. Wang, Wan, Liu, Huang, & Xu, 2009; Yoo 
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et al., 2009). Poly(oxyethylene) (PEO) is also known as polyethylene glycols (PEGs). 

Materials with a molecular weight less than 100,000 are termed PEGs, and high molecular 

weight materials are called PEOs (Li, Dong, Fang, Gao, Yang, & Zhao, 2011). PEO is a 

thermoviscosifying material approved by FDA as direct and indirect food additives, 

pharmaceutical ingredients and agricultural products (Bromberg & Ron, 1998). It is a linear 

polymer based on the –CH2CH2O- repeat unit prepared by polymerization of ethylene oxide 

(Katre, 1993). PEO had been widely applied in pharmaceutical industry for sustained delivery 

of encapsulated drugs (Choi, Lee, & Choi, 2003; Li, Hardy, & Gu, 2008; Varma, Singla, & 

Dhawan, 2004). On the other hand, PVA is a water soluble hydroxyl polymer produced 

industrially by hydrolysis of poly(vinyl acetate) with –C2H4O-  as the repeating unit (Zhang 

et al., 2005). It is classified as a GRAS material by FDA as aqueous film coatings applied to 

dietary supplements (FDA, 2004). PVA has been used as fibers for clothes and industries, 

adhesives, films, membranes, materials for drug delivery system, and paper coating (Lee et 

al., 2004; Zhang et al., 2005).  

 

Both PEO and PVA are reported to exhibit coordinating abilities towards metal cations such 

as sodium cation in sodium alginate through PVA hydroxyl groups (-OH) or PEO ether group 

(-COC-) (Saquing et al., 2013). Although the progressive effect of PEO and PVA as 

secondary polymer on the electrospinning of several biopolymers had been reported, the 

underlying principles behind those observations were not extensively discussed. 

Nevertheless, the importance of the molecular weight of these polymers to assist the 

electrospinnability of biopolymers had been discussed by several researchers (Nie Huarong et 

al., 2009; Saquing et al., 2013). Studies have confirmed that molecular weight of PVA would 

have a substantial effect on its electrospinnability, and subsequently on the structure and 

properties of the fabricated PVA electrospun fiber mats (Koski et al., 2004; Lee et al., 2004). 

Lee et al. (2004) concluded that PVA fiber mat fabricated using higher molecular weight 

atactic PVA had exhibited superior mechanical properties than the others. In another study, 

He, Li, Hu, Yu, Chen, & Zhu (2011) found that lower molecular weight PEO had exhibited 

higher tendency to form beaded fibers as compared to higher molecular weight PEO solutions 

electrospun at similar concentrations. Nie Huarong et al. (2009) had attempted to understand 

the intrinsic role of PEO on the improvement of sodium alginate electrospinning process by 

using PEO with two different molecular weights (1000 kDa and 20 kDa). In their study, the 

electropinnability of sodium alginate could only be improved through the using of high 

molecular weight PEO, whereas a large amount of low molecular weight PEO had exhibited 
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no effect. The rationale behind these observations was suggested to be attributable to the 

molecular conformation, as well as the lack of molecular entanglement network for both 

sodium alginate and the low molecular weight PEO. Sodium alginate was reported to have 

rigid and extended chain conformation, while the low molecular weight PEO occurs in the 

form of short random coils. The high molecular weight PEO was presumed to be able to 

provide entanglement sites to enclose the sodium alginate molecular chains into its large 

physical networks, by using its long and flexible molecular chains as depicted in Figure 1.11.   

 

       
 
Figure 1.11. The schematic drawing of the chain conformation in sodium alginate (SA) and 
SA/ polyethylene oxide (PEO) systems. (a) pure SA solution, (b) SA/PEO100 (PEO Mw: 
1000 kDa) blended solution, (c) SA/PEO2 ( PEO Mw: 20 kDa) blended solution. (reprinted 
with permission from Nie Huarong et al., 2009. © Elsevier). Mw is the abbreviation for the weight-
average molecular weight. 
 
 

Saquing et al. (2013) have conducted a systematic investigation on the role of PEO in the 

electrospinning of sodium alginate solutions. They suggested that blending of sodium 

alginate with PVA (205 kDa) did not guarantee electrospinnability of alginate solution, 

although pure PVA exhibits sufficient molecular entanglement networks for electrospinning. 

Their study suggested that high molecular weight PEO (600 kDa) was required in order to 

enable the electrospinning process, which is in accordance with the study by Nie Huarong et 

al. (2009). Overall, Saquing et al. (2013) concluded that an effective second polymer needs to 

be electrospinnable and have a high molecular weight, as the interactions among the second 

polymer chains would influence the electrospinnability of the blend. Intermolecular 

interactions (e.g. hydrogen bonding or electrostatic force between the second polymer and 

biopolymer) were also reported to be prominent on enabling effective biopolymer 
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electrospinning process (Fang, Liu, Jiang, Nie, & Ma, 2011; Islam & Karim, 2010; J. Lu et 

al., 2006; Safi et al., 2007).  

 

1.7 Applications of electrospinning for food ingredients encapsulation 

The development of industrial food products has prompted the food scientist to explore more 

techniques on processing of food ingredients. The food industry expects increasingly 

complex properties from food ingredients that oftentimes can only be provided by 

encapsulation techniques (Gouin, 2004). Encapsulation technology enables the manufacture 

of food ingredients with new properties that will simplify the handling, storage and 

transportation of the ingredients, in addition to protecting the sensitive or active functional 

food components. Encapsulation in food industry generally prefers large-volume low-cost 

operations compared to the pharmaceutical industry. The variety of food ingredients that are 

encapsulated in today’s food industry are summarized in Table 1.4. Nonetheless, this section 

will focus on the food ingredients that have been successfully encapsulated using 

electrospinning process and the applications of such products in food product development. 

 

Table 1.4. Examples of ingredients that have been encapsulated and their applications in food 
(Desai & Park, 2005; Gibbs, Kermasha, Alli, & Mulligan, 1999). 

Type of ingredients 
 

Applications 

Acidulants 1. To assist the development of colour and flavour in 
meat products. 

2. To control release carbon dioxide from stable acids or 
baking soda during baking process. 
  

Antioxidants 1. To prevent degradation during processing and storage. 
2. To achieve control release of the components. 
3. To enable the handling and processing. 
4. To reduce the component interaction with other 

ingredients. 
5. To improve the solubility. 

 
 

Colourants 1. To ease the handling process. 
2. To offer improved stability, solubility. 
3. To control the deposition of the colourants. 

 
Enzymes or 
microorganisms 

1. To improve stability. 
2. To ease the handling process. 
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3. To increase the availability of enzyme to the substract. 
4. To enhance the viability of the microorganisms. 
5. To facilitate the separation and recovery of enzyme. 
6. To reuse the enzyme. 

 
 

Flavoring agents (such as 
oils, spices, seasonings 
and sweeteners) 

1. To transform liquid flavorings into stable, free flowing 
powder in order to ease the handling and processing. 

2. To improve flowability and reduce hygroscopicity. 
3. To prolong the sensory perception. 

 
Lipids 1. To improve stability. 

2. To ease the handling process. 
3. To prevent oxidative degradation during processing 

and storage. 
4. To achieve control release of the components. 

 
Preservatives 1. To control release the preservatives at the suitable time. 

2. To ease the handling process. 
3. To reduce the component interaction with other 

ingredients. 
4. To control the deposition. 

 
Vitamins and minerals 1. To improve stability. 

2. To ease the handling process. 
3. To achieve sustained release. 
4. To reduce off-flavours. 
5. To improve solubility. 

 

Immobilization by encapsulation of functional food molecules with known health benefits 

such as EGCG (Y. Li et al., 2009), gallic acid (Neo et al., 2013a), β-carotene (Fernandez et 

al., 2009) and polyunsaturated fatty acid (Torres-Giner et al., 2010) into ultrafine zein 

electrospun fibers had been accomplished using electrospinning technique. Their studies had 

implied the practicality of electrospinning as a tool to improve delivery of bioactive 

molecules. All these functional ingredients are usually encapsulated to provide stability of the 

final products or to mask the astringency, bitter taste during eating (Nedovic, Kalusevic, 

Manojlovic, Levic, & Bugarski, 2011). Fernandez et al. (2009) reported that the encapsulated 

carotene demonstrated a significant increase in the light stability when exposed to UV-vis 

irradiation as compared to the non-encapsulated carotene. Their study concluded that the zein 

electrospun fibers had shown a promising outlook on the stabilization of added-value food 

components. Y. Li et al. (2009) proposed that the effective prevention of EGCG from 

leaching into the water (as an indicator of its stability) was achieved through hydrogen 

bonding, hydrophobic interactions and possibly physical encapsulation of the molecules by 
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the zein biopolymer. In our research laboratory, we determined the chemical stability of 

gallic acid incorporated into zein electrospun fibers after 30 days of storage at 60 °C. The 

results showed negligible variation on the collected attenuated total- reflectance Fourier 

transform infrared (ATR-FTIR) spectra between the stored and freshly electrospun gallic 

acid incorporated zein fibers. We also showed that the incorporated gallic acid in zein 

electrospun fibers were stable after 90 days of storage at room temperature (Neo et al., 

2013b). Our studies also implied that the incorporated gallic acid had preserved its phenolic 

character, and the electrospinning process did not compromise its antioxidant activities (Neo 

et al., 2013a). Torres-Giner et al. (2010) have conducted the electrospinning of a 

docosahexaenoic acid (DHA)/zein blend to stabilize the Omega-3 fatty acid. Their study 

concluded that the encapsulated DHA had released less flavour-influencing aldehydes 

(propanal, 2,4-heptadienal, and 2,4,7-decatrienal) as compared to free DHA samples. Once 

more, their study has shown the potential stabilizing effect of the incorporated functional 

food ingredients using electrospinning process, by slowing down the degradation processes 

through oxidation or hydrolysis.  

 

The use of biologically active extracts from plants as functional ingredients in food has been 

a persistent research topic in food science. Nevertheless, the nature of the bioactives limited 

their direct use in food matrices, and hence encapsulation technology has eased the handling 

process by converting the liquid plant extracts into functional dry ingredients, at the same 

time providing protection and chemical stability to the plant bioactives (Belščak-Cvitanović 

et al., 2011). Electrospinning is an applicable encapsulation technique for the immobilization 

of active liquid plant extracts in polymeric carriers. The plant extracts that have been 

manufactured as electrospun fiber composites were from mangosteen (Garcinia mangostana) 

fruit hull (Charernsriwilaiwat, Rojanarata, Ngawhirunpat, Sukma, & Opanasopit, 2013; 

Opanasopit et al., 2009), raspberry (Rubus strigosus) (S. Wang et al., 2013), curcumin 

(Curcuma longa L.) (Brahatheeswaran et al., 2012; Gomez-Estaca et al., 2012; Suwantong et 

al., 2007), thymol (Karami, Rezaeian, Zahedi, & Abdollahi, 2013), shikonin (Han, Chen, 

Branford-White, & Zhu, 2009a; Han, Zhang, Zhu, & Branford-White, 2009b), henna 

(Lawsonia inermis) (Avci, Monticello, & Kotek, 2013), Rohida bark (Tecomella undulata) 

(Suganya, Senthil Ram, Lakshmi, & Giridev, 2011) and centella (Centella asiatica) 

(Sikareepaisan et al., 2008). Polymers such as zein, cellulose acetate, soy protein isolate, 

gelatine, chitosan-based, PLA, PEO, PVA, polyvinylpyrrolidone (PVP), PCL, PCL/PLA and 

PCL/poly(trimethylene carbonate) (PTMC) were used as carrier in the aforementioned 
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studies. The electrospun fibers produced generally displayed high loading efficacy of the 

extracts without compromising their morphology. The loaded plant extracts were found to 

exhibit good stability and retain their functionality after the electrospinning process. The 

successful immobilization of these plant extracts into the polymeric carrier has improved the 

functionality of the fabricated fibers. The antioxidant or antimicrobial activities presented by 

these electrospun fibers can be used as potential active packaging components or other 

functionalized nanostructured materials for food applications. 

       

Yu, Yang, Branford-White, Lu, Zhang, & Zhu (2010b) had fabricated solid dispersions of 

ferulic acid in composite PVP electrospun fibers. In their study, ferulic acid was co-dissolve 

in ethanol aqueous solutions with PVP (fiber forming matrix), sodium dodecyl sulphate and 

sucralose (surfactants). Ferulic acid is a phenolic antioxidant ubiquitous in nature. It is 

especially rich in the ester form in rice bran pitch and was reported to have limited solubility 

in water (Kikuzaki, Hisamoto, Hirose, Akiyama, & Taniguchi, 2002). The incorporation of 

ferulic acid as a solid dispersion in composite electrospun fibers was found to have a faster 

dissolution in water than its film counterparts and pure ferulic acid (Yu et al., 2010b). Yu et 

al. (2010b) also suggested that electrospun fibers are capable of improving the dissolution 

rate of poorly water soluble components. This is due to the high porosity and large surface 

area to mass ratio of the electrospun fiber mats have provided huge surface area for the active 

component to be in contact with the dissolution media. In addition to that, the large surface 

area is also likely to promote fast mass transformation of the solvent and active component to 

or from the bulk dissolution media due to its fast-wetting surface properties (X. Li, Kanjwal, 

Lin, & Chronakis, 2013). As a result, electrospun fibers have been considered to be 

candidates for fast-dissolving delivery systems for poor water soluble components such as 

riboflavin (X. Li et al., 2013).  

 

Arecchi et al. (2010a) have utilized hexadecane as a model lipophilic system in order to 

produce PVA electrospun fibers containing o/w nanoemulsions. The incorporated oil droplets 

had shown stability in size with no coalescence observed. Their study showed the feasibility 

of using electrospinning technique to encapsulate o/w emulsions, whereas o/w emulsions can 

serve as a carrier vehicle for lipophilic bioactives and flavours with custom sustained 

kinetics. Electrospinning had also been performed on microemulsions containing essential oil 

such as eugenol in surfactant micelles with PVA as a carrier to disperse lipophilic compounds 

(Kriegel et al., 2009, 2010). Eugenol is a phenolic compound that exists as the principal 
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constituent in the oil of clove, and other plant extracts like cinnamon, basil and nutmeg (Choi, 

Soottitantawat, Nuchuchua, Min, & Ruktanonchai, 2009). It is a natural food flavouring agent 

that also exhibits antimicrobial activity (Choi et al., 2009; Tiwari, Valdramidis, O’ Donnell, 

Muthukumarappan, Bourke, & Cullen, 2009).  According to Gaysinsky, Davidson, Bruce, & 

Weiss (2005), essential oils are always less effective when applied in food systems, as they 

are mostly hydrophobic compounds, which as a result have shown limited activity on 

microorganisms that primarily reside in the aqueous phase of the food system. The use of 

hydrophilic PVA as a carrier had warranted a rapid release of the microemulsions due to 

migration and simultaneous dissolution of PVA (Kriegel et al., 2009, 2010). Kriegel et al. 

(2009, 2010) also suggested that the successful incorporation of eugenol in surfactant 

micelles into solid PVA electrospun fibers had increased their protection, promoted easier 

handling and offered potential improvements on their functional properties by improving 

their solubility in water. Although all the studies reported were conducted using hydrophilic 

synthetic polymers, the fabrication principles should be theoretically exchangeable to other 

reported electrospinnable hydrophilic biopolymers such as dextran, pullulan, gelatin and WPI 

that are more food oriented (Arecchi et al., 2010a). Overall, electrospinning can be utilized to 

disperse other lipophilic components through its fast dissolving performance, which may 

contribute towards the delivery of lipophilic functional foods. 

 

Cyclodextrins are a family of cyclic oligosaccharides having a toroid-shaped molecular 

structure (Wandrey et al., 2010). The most common cyclodextrins are referred as α-, β-, γ-

cyclodextrins, with γ-cyclodextrins demonstrating the best solubility in water (Uyar, 

Havelund, Hacaloglu, Besenbacher, & Kingshott, 2010a; Wandrey et al., 2010). The 

hydrophobic cavity of cyclodextrin can form host-guest inclusion complexes with various 

molecules including food additives through van der Waals, hydrophobic interactions and 

dipole-dipole interactions (Ho, Joyce, & Bhandari, 2011; Uyar, Havelund, Hacaloglu, Zhou, 

Besenbacher, & Kingshott, 2009; Uyar et al., 2010b). As a result, volatile food flavours and 

fragrances such as vanillin have been incorporated into different types of cyclodextrins to 

form cyclodextrin inclusion complexes (Kayaci & Uyar, 2012a,b). Electrospinning has been 

used to fabricate zein (Kayaci & Uyar, 2012a) and PVA (Kayaci & Uyar, 2012b) electrospun 

fibers containing these different types of cyclodextrins inclusion complexes. Encapsulation of 

cyclodextrins in zein and PVA as reported in these studies may result in promising properties 

of these polymeric carriers, through the cumulative effects of size specificity and transport 

properties of cyclodextrins (Prabaharan & Mano, 2006). Kayaci & Uyar (2012b) suggested 
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that the complexation of vanillin with cyclodextrins had displayed better thermal stability and 

durability as compared to those without cyclodextrins in PVA fibers. Such information is 

invaluable for designing electrospun fiber composite that is capable of encapsulating volatile 

flavours, aromas for long term shelf life and temperature stability. 

 

Encapsulation such as immobilization through surface absorption of the cells/enzymes finds 

vast applications in biosensors, food bioconversions and metabolite production processes. It 

allows easier separation as well as purification of the product, reutilization of the biocatalyst, 

and lower capital costs (Breguet, Vojinovic, & Marison, 2010). Some advantages of using 

electrospun fibers for enzyme encapsulation (Z. Wang et al., 2009) include: 1) a variety of 

polymers can be electrospun to meet different requirements as support materials; 2) high 

porosity and interconnectivity of electrospun fibers provide an excellent platform for mass 

transfer with low hindrance; 3) the fiber surfaces can be modulated to benefit enzyme 

activity. Encapsulation of lipase had been performed on electrospun fibers via physical 

adsorption (Sakai et al., 2010; Z. Wang et al., 2006), direct incorporation (Y. Wang & Hsieh, 

2008; Xie & Hsieh, 2003) or covalent bonding (Huang, Yu, & Xu, 2008; S. Li et al., 2007; S. 

Li & Wu, 2009; Ye et al., 2005). These lipase immobilizations within electrospun fiber mats 

might find usage on vegetable oil hydrolysis, biocatalysts or transesterification reactions. The 

electrospun fiber mat offers high enzyme loading capacity due to its high surface area. The 

aforementioned studies generally suggested that the encapsulated lipase has shown the same 

catalytic activity as in its crude form, with higher stability and improved shelf life. Other 

enzymes that were demonstrated to be encapsulated using electrospinning are glucose 

oxidase/catalase system that was intended for food preservation (Ge et al., 2012); tyrosinase 

as a biosensor for phenolic compounds (Arecchi, Scampicchio, Drusch, & Mannino, 2010b); 

and cellulase for the production of reducing sugars (Hung, Fu, Su, Chen, Wu, & Lin, 2011).   

 

Electrospinning was also verified as a fast and mild way to dry and encapsulate live bacteria 

with limited impact on their viability (Hans Tromp et al., 2012). The encapsulation of live 

bifidobacteria had been investigated through electrospinning process by using PVA and 

WPC as the polymeric carrier (López-Rubio, Sanchez, Sanz, & Lagaron, 2009; López-Rubio 

et al., 2012b). In those studies, the encapsulation of the live bifidobacteria in WPC was 

conducted through direct incorporation method (blend electrospinning), and encapsulation of 

live bacteria in PVA was performed using co-axial electrospinning. Nevertheless, both 

studies have demonstrated the stability and viability of the live bacteria after electrospinning 
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process, and suggested the feasibility of using electrospinning technique for such 

applications. 

 

1.8 Regulatory aspects of nanostructured materials in food 

To date, there are no specific regulations on the utilization of nanoscale materials in food. 

Magnuson et al. (2013) did a detailed summary in their review regarding this matter. As 

stated in their review briefly, Food Standards Australia New Zealand (FSANZ) defines 

nanotechnology as ‘deliberately engineered matter less than 100 nm in size in one 

dimension. Any new food substances that are manufactured using nanotechnologies that 

may present safety concerns will have to undergo a comprehensive scientific safety 

assessment under the appropriate standard before they can be legally supplied in Australia 

and New Zealand. Applications for food additives, processing aids, novel foods and 

nutritive substances must include particle size, size distribution and morphology, where the 

substances(s) is particulate in nature and will remain so in the final food.’  

 

Health Canada (HC) Food Directorate defines nanotechnology as ‘the application of 

nanoscience to develop new materials and products, and involves the manipulation of 

matter at the nanometre scale’. HC is currently using the existing legislative and regulatory 

framework to regulate applications of nanotechnology. Meanwhile it also reckons that new 

approaches may be necessary in the future to keep pace with the advances in this area.  

 

In China, the Ministry of Health (MOH) describes nanoscience and nanotechnology as ‘a 

study of the characteristics and interactions of matter at the nanometre (1-100 nm) scale, 

as well as the interdisciplinary science and technology using such technologies’.  

 

The European Commission (EC)-Directorate General for Health and Consumers in the 

European Union has implemented a ‘Recommendation for a definition’ of nanomaterial for 

regulatory purposes that will participate increasingly in the EU food law. Nanoscale food 

materials would be considered as new additives and new entries in the list of additives. 

Therefore, a change in the specifications shall be required before they can be placed on the 

market. European Food Safety Authority (EFSA) was requested by EC to prepare guidance 

on the assessment of food-related uses of nanotechnology. EFSA has remarked in 2011 that: 

‘(1) a high level of reactivity; (2) complex morphology; (3) interaction with biomolecules; 
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(4) complex transformations; (5) the presence of antimicrobial activity; (6) evidence of 

persistent and/or bioaccumulation;’ are considered to be indicators of increased probability 

of toxicity.   

 

United States of America Food and Drug Administration (FDA) has specified that ‘In the 

absence of a formal definition, when considering whether a FDA-regulated product 

contains nanomaterials or otherwise involves the application of nanotechnology, the FDA 

will ask (1) whether an engineered material or end product has at least one dimension in 

the nanoscale range (approximately 1-100 nm); (2) whether an engineered material or end 

product exhibits properties or phenomena, including physical and chemical properties or 

biological effects, that are attributable to its dimension(s), even if these dimensions fall 

outside the nanoscale range, up to one micrometre.’ This definition has been included in the 

FDA’s Draft Guidance for Industry. As a result, manufacturers must submit a food additive 

petition or a food contact substance notification for the production of nano-engineered 

ingredient.  

 

1.9 Challenges, strategies and outlook 

The science of encapsulation involves the manufacturing process, analytical evaluation and 

application of encapsulated products (DeZarn, 1995). Up to now, electrospinning has 

demonstrated different possibilities when it comes to encapsulation purposes. For instance, a 

study conducted by Koh, Yong, Chan, & Ramakrishna (2008) on the encapsulation of 

laminin (a neurite promoting extracellular matrix) using different electrospinning techniques 

(covalent immobilization, physical adsorption and blend electrospinning) have demonstrated 

that the blend electrospinning as a more facile and efficient method for the manufacturing of 

a biomimetic scaffolds. On the other hand, Ji et al. (2010) suggested that electrospun fibers 

fabricated using co-axial electrospinning had shown more sustained release profile than the 

comparative blend electrospun fibers. Overall, the most important criteria when it comes to 

selection of the appropriate encapsulation technique and polymeric carrier is to understand 

the end-use of the product and their final cost (Nedovic et al., 2011). Development of 

encapsulation using electrospinning in food science is still relatively new. One of the biggest 

drawbacks is the lack of sufficient information concerning the chemistry and 

electrospinnability of appropriate GRAS material. Correlation of the material properties and 

electrospinnability remains to be explored. Also, restrictions on the selection of proper GRAS 
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solvent have limited the number of biopolymers ready for the electrospinning process in food. 

Most of the studies available on the electrospinning of food grade biopolymers have been 

conducted using organic solvents. The lack of knowledge of the selection of electrospinnable 

GRAS polymers makes the assessment based on empirical grounds. Therefore most of the 

studies can only be conducted on a trial and error basis without much in-depth scientific 

understanding. A review by Gibbs et al. (1999) indicated an interesting statement that fits the 

status quo of electrospinning in food: ‘Encapsulation (electrospinning) currently is an art 

that is difficult for the food scientist to master. The food scientist does not have the 

information available in databases to enable him/her to make informed choices concerning 

the most appropriate material for encapsulation (electrospinning) process.’ Hence, a 

quantitative discernment based on the physicochemical knowledge of the polymeric carrier 

(such as surface tension, polymer chain reptation, viscosity, glass transition data, and 

rheology) that will complement the electrospinning process is essential. Application of the 

fundamental understanding of the material properties in the electrospinning process will most 

likely speed up the product development process, since the biopolymer behaviour during the 

electrospinning process can be correctly projected by such knowledge.  

 

Nanostructured materials may exhibit different properties in our body that are not apparent in 

the large particulates caused by their increased contact surface area and enhanced reactivity, 

which may exhibit detrimental outcomes (Dowling, 2004; Sozer & Kokini, 2009). This is 

because toxicity of the nanostructured material might be different from that of the same 

chemical but as larger particulates. Electrospinning being one of the powerful tools to 

fabricate nanostructured material, potential perils associated with the electrospun nanofibers 

require further assessment. A number of studies have demonstrated the biocompatibility of 

electrospun fibers with fibroblasts cells in order to access their cytotoxicity (Gizdavic-

Nikolaidis et al., 2010; Neo et al., 2013b; Zhou et al., 2008). Interestingly, one should note 

that there are various natural nanomaterials that are consumed daily as food, such as casein 

micelles, protein muscle fibers, starch polysaccharides and plant fibers. Thus, Lagaron, 

Cabedo, Cava, Feijoo, Gavara, & Gimenez (2005) suggested that it is unlikely for modified 

nanocomposites making use of substances from an approved list of additives to impose any 

immediate risk or threat for food-contact applications. Nevertheless, they also stated that 

further studies concerning the potential migration issues and life-cycle analysis are required 

to validate the fact. The possible routes for nanoparticles to enter our body are through 

dermal exposure, inhalation or ingestion, which possibly will translocate through cell barriers 
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owing to their small sizes (Chau, Wu, & Yen, 2007). Chaudhry et al. (2008) suggested that 

issues related to the altered translocation of nanoscale-processed foodstuff only arise when 

the properties of food constituents are modified by processing. The potential hazards of 

nanoparticles have also been raised in several studies, but there is still not enough evidence to 

suggest their risks on the human body (Seaton, Tran, Aitken, & Donaldson, 2010; Yang et al., 

2010). As a result, there are uncertainties regarding their risk assessment. Neethirajan & 

Jayas (2011) proposed that the complexity of the behaviour of the nanomaterials in natural 

systems and their uncertainty on the assessments of environmental risk can be resolved 

through experiences with chemical risk assessment. Thus, embryonic zebrafish model and 

high content screening technique are suggested to be well-suited for the toxicological 

assessment of food related nanomaterials through endpoint identification and mechanism 

elucidation (Neethirajan & Jayas, 2011; Usenko, Harper, & Tanguay, 2007). Both embryonic 

zebrafish model and high content screening technique are phenotypic screening methods that 

allow the analysis of whole cells or components of cells in a robust and mechanistic manner.  

 

Industry perception of electrospinning is another important factor that will affect the 

realization of electrospinning encapsulation in the food industry. The practicality of 

electrospinning encapsulation procedure for commercialization is one of the concerns. The 

batch wise production of electrospun fibers from a single spinneret is comparatively slow, 

and the smallest fibers are generally fabricated using lower solution feed rate (Bhattacharjee 

& Rutledge, 2011). As a result, for large scale production, multi-jet electrospinning system 

was developed to increase both productivity and covering area (Varesano, Carletto, & 

Mazzuchetti, 2009). However, multi-jet electrospinning has also been found to be difficult 

and complicated by the electrostatic interactions between the charged solution jets that are 

close to each other (Bhattacharjee & Rutledge, 2011; Varesano et al., 2009). Persano, 

Camposeo, Tekmen, & Pisignano (2013) published an excellent review related to the 

industrial up-scaling of electrospinning process that may serve as a good reference. Overall, 

the up-scaling of electrospinning for food encapsulation applications needs to be at an 

economical level, as cost consideration in food industry is much more stringent than 

biomedical, pharmaceutical or cosmetic industries. All in all, commercialization of 

electrospinning in food will require comprehensive evaluation of the practical use of this 

invention, together with the appraisal of the advantages delivered by electrospinning against 

other encapsulation techniques available on the market that will help to increase public and 

industry acceptability. 
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1.10 Research objectives 

The study of using electrospinning as an encapsulation tool for food application has been 

motivated by its originality, versatility, simplicity and potential controlled release 

performance of the active component. The overall objective of this project was to develop a 

fundamental understanding on the application of this technology as a novel encapsulation 

method for bioactive components or food ingredients. Food encapsulation discipline has a 

wide scope that varies for different applications. Hence, the long term goal of this research 

was to implement the fabricated electrospun fiber mats as pontential food contact materials. 

A systematic investigation including electrospinning encapsulation development, 

physicochemical characteristics testing and evaluation of the system was performed with the 

intention of contributing towards an improved knowledge in the food packaging segment. To 

achieve this goal, zein as the fiber forming matrix, together with gallic acid (an ubiquitous 

phenolic compound in plants) as the active component were selected as the models for these 

studies. 

  

1.10.1 Aims 
The specific aims of the project are summarized as follows: 

1. To screen for the ideal biopolymer suitable as a food contact material. 

2. To determine the effect of processing and solution parameters on electrospinning process. 

3. To characterize the physicochemical properties of the fabricated electrospun fiber mat. 

4. To determine practicality of the fabricated electrospun fibers in a food packaging system. 

5. To conclude the effect of thermal treatment on the electrospun fibers.  

 

1.10.2 Rationale and significance 
The definition of fiber according to Merriam-Webster is a thread or a structure or object 

resembling a thread. The National Science Foundation (NSF) defines nanofibers as fibers 

having dimensions less than 100 nm. But the non-woven industry generally regards a 

dimension lesser than 1 µm as nanofiber. We are surrounded by fibers in our daily lives. For 

example, wood fibers such as paper that we use; textile fibers such as clothes that we wear; 

plant fibers that we eat; muscle fibers that build our bodies and provide strength; or hair 

fibers that we style everyday. Nevertheless, fiber is a geometry that had been consistently 

overlooked by the food industry. With the advent of food nanoscience and technology, food 

nanofibers are coming to the fore and electrospinning is to date the easiest approach to 

57 



producing uniform nanofibers. Hence, this PhD research was carried out to better understand 

the fabrication using electrospinning and applications of nanofibers in the food industry. The 

expected benefits to gain through this research include the provision of information related to 

nanofibers as a bioactive encapsulant. This is a novel area in food encapsulation and thus 

facilitates the discovery and development of new ideas and methods in food nanoscience and 

technology. 

 

1.10.3 Research approach 
A systematic investigation was employed in this research, hence each chapter of this thesis 

was preceded by its own introduction outlining its intents and importance. Chapter 1 briefly 

covers the theoretical framework for the encapsulation process using electrospinning, along 

with the varieties of biopolymers that have been electrospun for various potential food 

applications. A thorough review of the scientific contributions of other researchers towards 

the practical implementation of electrospinning encapsulation is also summarized in this 

chapter. 

 

In Chapter 2, biopolymers that have been widely applied for food encapsulation are 

investigated on their electrospinnability. Biopolymers from various sources were selected in 

order to screen for one model biopolymer that would be used in the following chapters. The 

model biopolymer was selected based on its aptness (such as water stability, morphologies 

after the incorporation of active component) towards the long term goal of this research. 

 

In Chapter 3, the selected biopolymer solution was characterized with respect to the solution 

viscosity. Various electrospinning parameters that might influence the fiber morphology were 

determined. A detailed statistical analysis on the effects of electrospinning parameters 

towards fiber diameter was studied. 

 

Chapter 4 attempts to demonstrate electrospinning as a simple and one-step preparation 

technique on the fabrication of active component encapsulated nanofiber mats. The 

physicochemical characteristics of the fabricated functionalized electrospun fiber mats are 

outlined in this chapter. 
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In Chapter 5, the potential of the functionalized electrospun fiber mats as active food 

packaging material were evaluated. The surface chemistry, storage stability, release 

performance of the incorporated active, mechanism of action, cytotoxicity and antimicrobial 

abilities were defined. 

  

In Chapter 6, effects of heat treatment on the functionalized electrospun fiber mats were 

explored. The physochemical properties of the heat-cured electrospun fibers are of particular 

interest in this chapter. Solid-state 13C nuclear magnetic resonance (SS-NMR) spectroscopy, 

ATR-FTIR spectroscopy and gel permeation chromatography (GPC) were also conducted in 

order to determine the potential chemical interactions between the active component and 

biopolymer matrix.  

 

Chapter 7 gives an overview of the conclusions make throughout the previous chapters in this 

research, so as to provide an overview on the challenges and outlook of implementing 

electrospinning encapsulation in food. Future research that is warranted yet unable to be 

conducted in this PhD work is also encompassed in this chapter.  
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CHAPTER 2: 
Preliminary screening of  

biopolymers for electrospinning process 
__________________________________________________________________________________ 

2.1 Introduction 

Electrospinning is a process involving the application of a strong electrostatic field to a 

polymeric solution, which will elongate the polymer into ultrafine fibers with diameter 

ranging from micron to nanometres. The constant discovery of sustained release delivery of 

the incorporated drugs or chemical compound in electrospun fibers had demonstrated the 

possibility of electrospinning for encapsulation (Luong-Van et al., 2006; Song, Wu, & Chang, 

2012; Xie & Wang, 2006). Consequently, the advances in the application of electrospinning 

as a drug delivery system for the pharmaceutical industry had begun to attract attention from 

the food research community due to the potential applications. To date, nearly a hundred 

synthetic and natural electrospinnable polymers have been described (Z. Huang et al., 2003). 

Nevertheless, many of the solvents or polymers reported in the studies might not be suitable 

for food applications, as they are usually hazardous, toxic or expensive for food use. 

Additionally, different countries may have different regulations on the use of such polymers, 

which will create difficulties for food producers who wish to export their products or intend 

to expand their markets (Wandrey et al., 2010). As a result, food biopolymers such as 

polysaccharides, protein or lipids are more appropriate for food related utilization, as they are 

found in abundance, generally recognized as safe (GRAS), and are commonly affordable.  

 

The overall molecular characteristics (e.g. molecular weight, conformation and electrical 

charge) of the biopolymers are determined by type, number and distribution of monomers 

along the biopolymer chain (Matalanis, Jones, & McClements, 2011). From an encapsulation 

point of view, each of the biopolymers will offer different advantages and limitations, as they 

have different chemical properties and characteristics. The selected biopolymer will affect the 

encapsulation efficiency as well as stability, and the degree of protection on the active 

component. The selection of the ideal biopolymer is entirely dependent on the final 

applications of the end product. Hence, a series of careful considerations is generally required 

in order to achieve desired physicochemical and functional characteristics of the product. The 

employment of electrospinning encapsulation in food science and technology is relatively 

new as compared to other existing encapsulation methods such as spray drying and freeze 

drying. Hence, it is important to first determine the electrospinnability of different available 

food biopolymers before starting the subsequent encapsulation processes, which are 
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described in the following chapters. Electrospinning of biopolymers is frequently reported to 

be challenging (Kriegel et al., 2008; Schiffman & Schauer, 2008). The reasons behind the 

disparity in electrospinnability of each biopolymer are not comprehensively studied and well 

understood. The inconsistency of the material properties such as the differences in molecular 

weight; purity; crystallinity; and degree of molecular entanglement of the biopolymers are 

often reported to exhibit certain impacts on their electrospinnability (Schiffman & Schauer, 

2008; Stijnman et al., 2011).  

 

Kriegel et al. (2008) and Stijnman et al. (2011) have made excellent current inventories of the 

food grade materials that have been electrospun. Nevertheless, biopolymers selected for the 

electrospinnability screening in this chapter was based on their solubility in non-hazardous 

solvents such as water and ethanol only. Hence, the objective of this chapter was to determine 

the electrospinnability of biopolymers such as whey protein isolate (WPI), sodium caseinate, 

sodium alginate, pectin, gelatine, dextran and zein that are commonly applied as the wall 

material for encapsulation in food industry. Results obtained were used to distinguish the 

most suitable biopolymer as carrier matrix aimed at electrospinning encapsulation in the 

following chapters. The electrospinning concentration for each biopolymer was prepared 

based on the available literature and their solubility in the selected GRAS solvent. Two 

different active components, such as lipophilic bergamot oil (Citrus bergamia) and 

hydrophilic (-)epigallocatechin gallate (EGCG) extracted from green tea were incorporated 

into the biopolymer solutions separately before subjecting to electrospinning, so as to 

determine their effect on the fabricated fiber morphologies.  

 

2.2 Materials and Methods 

2.2.1 Materials 
WPI (ALACENTM 895) and sodium caseinate (ALANATETM 180) were provided by 

Fonterra Co-operative Group Ltd (Auckland, New Zealand). The compositions of both 

materials are attached in Appendix 1. Gelatine-125 (Type B, bloom strength 125), gelatine-

200 (Type B, bloom strength 200) and collagen hydrolysate (Type B) were obtained from 

Gelita NZ Ltd (Christchurch, New Zealand). The specifications of the gelatine and collagen 

hydrolysate are provided in Appendix 2 and 3. Zein from maize (Z 3625) and pectin (P 9135) 

were purchased from Sigma Aldrich (St. Louis, MO, USA). Sodium alginate was purchased 
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from Acros Organics (NJ, USA). Dextran-15 and dextran-25 (average molecular weight = 

150 kDa and 250 kDa) were purchased from BDH Prolabo (VWR International Ltd., 

Lutterworth, UK), dextran-50 (average molecular weight = 500 kDa) were obtained from 

Fisher Scientific (Fair Lawn, NJ, USA). Bergamot essential oil was purchased from a local 

drug store in Auckland (Dolphin clinic, Health 2000, Auckland, New Zealand). EGCG green 

tea extract was a courtesy of TeavigoTM (DSM Nutritional Products, Basel, Switzerland). All 

the materials were used without further purification. Ethanol (ACS grade) was purchased 

from ECP Ltd (Auckland, New Zealand). Distilled water was used for all solution 

preparations. 

 

2.2.2 Preparation of bergamot oil in water emulsions 
Coarse emulsions were prepared by first dissolving 2 wt% Tween 80 (surfactant) in water, 

followed by blending 10 wt% bergamot oil with 90 wt% of the surfactant solution using high 

shear Silverson L4R homogeniser (Silverson Machine Ltd, Chesham Bucks, UK) operated at 

7,000 rpm for 3 min. 

 

2.2.3 Preparation of stock solution for electrospinning 
The biopolymers were dissolved in distilled water or ethanol aqueous individually under 

constant stirring using a magnetic stirrer at room temperature (approximately 21 to 23 °C), 

before subjected to the electrospinning process. Pectin solution was heated at 60 °C during 

the preparation to ensure complete hydration and solubility. Similarly, the biopolymer 

solutions containing the active components were prepared by first dissolving the active 

component in the appropriate solvent, followed by mixing with the designated biopolymer 

under constant stirring at room temperature in order to obtain the blended solutions. The 

biopolymer concentrations for the active component-loaded-biopolymer solutions were kept 

constant at their electrospinnable concentration, as summarized in Table 2.1. The final 

content for the bergamot oil emulsions or EGCG in the solid fibers were 2 wt%, meaning 

active component-to-biopolymer weight ratio of 1:49 in the dry fibers. For gelatine aqueous 

solutions, the preparations were conducted at 45 °C. Otherwise the preparation was similar to 

the previous described procedure. 
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2.2.4 Electrospinning process 
All the solutions were placed in 5 mL syringes individually that were driven by a syringe 

pump (Cole Parmer, Vernon Hills, IL, USA) to give different solution feed rates. Positive 

electrode of a direct current power supply (High voltage power supply series 230, Bertan, 

Hicksville, NY, USA) was connected to a 20 gauge needle (i.d of 0.61 mm) of a syringe and 

the negative terminal to a grounded collector. The concentrations, solvent combinations, and 

the electrospinning processing parameters for each biopolymer are summarized in Table 2.1. 

The solution jet behaviour was observed and recorded during the electrospinning process, and 

the processing parameters were modulated from time to time until electrospun fibers or 

droplets were deposited on the grounded collector. A heating pad was applied around the 

electrospinning chamber during the electrospinning of gelatine solutions, in order to maintain 

them in the liquid form. The as-spun electrospun fibers were dried for 12 hr in vacuum oven 

(2”, 51 mm Hg) at 21 °C. 

 

 
Table 2.1. Overview of the biopolymers tested for electrospinning process. 
 
Biopolymer Concentration 

(wt%) 
Solvent Electrospinning parameters 

 
 Flow rate 

(mL hr-1) 
*Distance 

(cm) 
Applied 

voltage (kV) 
Type of protein biopolymer 
 

   

Sodium caseinate 15 water 1.5 12 15-18 
WPI 20 water 1.5 12 14-18 
Zein 25 80 wt% ethanol 0.25-1.0 10 11-15 
Gelatine-125 & 
gelatine-200 
 

15 water 2.8 10 11-15 

Collagen 
hydrolysate 

15 water 2.8 10 11 

 
 

     

Type of carbohydrate polymer 
 

   

Sodium alginate 1.5 water 1.0-6.0 12 12-21 
Pectin 3 water 2.8-6.0 12 12-21 
Dextran-15, 
dextran-25, & 
dextran-50 

35-40 water 0.8-1.0 10 16-18 
 

*Note: Distance indicates the distance between needle tip and grounded collector during the 
electrospinning process 
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2.2.5 Scanning electron microscopy (SEM) 
The electrospun biopolymers were collected on a scanning electron microscopy (SEM) 

sample stub until the stub was fully covered. The morphologies of the resultant electrospun 

biopolymers were examined using a Philips XL 30S FEG scanning electron microscope 

(Philips, Eindhoven, The Netherlands), after sputter coating the samples with platinum under 

vacuum for 5 min at 5 to 10 mA using a Polaron sputter coater (Quorum Technologies, 

Newhaven, England) to reduce electron charge effects. The morphologies were examined and 

the fiber diameters for each electrospinnable biopolymer were measured using a UTHSCSA 

image tool for windows, version 3.00 (University of Texas Health Science Center, San 

Antonio, TX, USA) from over 60 randomly selected fibers. 

 

2.3 Results and discussion  

2.3.1 Electrospinning of protein biopolymers 
Figure 2.1 shows the morphologies of different electrospun protein biopolymers. The results 

obtained suggested that electrospun fibers could be fabricated from zein and gelatine but not 

from sodium caseinate, WPI and collagen hydrolysate.  

 

 

   

   

Figure 2.1. SEM images of electrospun fibers at 2 µm scale bar. (a) sodium caseinate,          
(b) WPI, (c) zein, (d) gelatine-125, (e) gelatine-200, (f) collagen hydrolysate.    
 
 

a b c 

d e f 
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The poor electrospinnability displayed by sodium caseinate is in accordance with previous 

studies, which suggested a second polymer such as polyethylene oxide (PEO) or polyvinyl 

alcohol (PVA) is generally required in order to electrospin casein (Xie & Hsieh, 2003). On 

the other hand, WPI has exhibited a joined capsule like structure after the electrospinning 

process as shown in Figure 2.1b. Although there was no fiber formation from WPI solutions, 

the electrosprayed droplets of WPI might serve as potential carrier material for some other 

studies in future. Figure 2.1c shows a beadless and uniformly electrospun fiber structure that 

was fabricated from zein dissolved in ethanol aqueous. The average fiber diameter of these 

zein fibers was approximately 330 ± 60 nm, which suggested their potential as nanostructured 

carrier in the following chapters. Electrospinning of gelatine has been successfully carried out 

as shown in Figure 2.1d-e. Results obtained implied the effect of gelatine bloom strength on 

the electrospinnability. Figure 2.1e shows that gelatine-200 with higher bloom strength 

exhibited uniform and beadless fiber morphology, with diameter ranging from 130 to 237 nm. 

On the other hand, gelatine-125 with lower bloom strength demonstrated smaller fiber 

diameter (approximately 110 ± 30 nm) with beaded structures (Figure 2.1d). Collagen 

hydrolysate employed in this study was a hydrolysed product of collagen having an average 

molecular weight between 2 to 4 kDa. Interestingly, gelatine and collagen hydrolysate have 

revealed huge difference on their electrospinnability at the same solution concentration. The 

relatively inferior electrospinnability of collagen hydrolysate as compared to gelatine might 

be due to its lower molecular weight.  In order to determine the influence of molecular weight 

on electrospinnability, electrospinning of dextran having different molecular weights would 

be deliberated in the next section.   

 

2.3.2 Electrospinning of dextran with different molecular weights 
Numerous studies have concluded the importance of molecular weight on the 

electrospinnability of the polymers (Koski et al., 2004; Tao & Shivkumar, 2007). In principle, 

low molecular weight polymer solution will tend to form beaded structure as compared to 

higher molecular weight polymer at a fixed concentration, due to the insufficient molecular 

entanglements to enable the electrospinning process (Z. Li & Wang, 2013). In this study, 

three dextran solutions having different molecular weights (average molecular weight= 150, 

250 and 500 kDa) were prepared and electrospun. Figure 2.2 shows the morphologies of the 

electrospun dextran fibers. At a fixed concentration of 35 wt%, the fibrous structure of 

dextran-15 with the lowest molecular weight is not completely stabilized and a bead-on-string 
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structure was observed after the electrospinning process (Figure 2.2a). Yet, when the 

concentration was increased to 40 wt% as shown in Figure 2.2d, a more uniform and beadless 

fiber morphology was observed. This observation suggests the resistance of the low 

molecular weight and low polymer concentration solution towards stretching and elongation 

of the solution jet flow during electrospinning process. As a result, the solution jet tends to 

break up into droplets or beaded structure under influence of ‘Rayleigh instability’. On the 

other hand, dextran-25 and dextran-50 had consistently demonstrated fine and beadless 

structure at both 35 and 40 wt% concentrations as shown in Figure 2.2.  Overall, it can be 

deduced that sufficient molecular entanglements is important for an effective electrospinning 

process. Hence, it also has possibly explained the poor electrospinnability of collagen 

hydrolysate as compared to gelatine in the previous section. Table 2.2 indicates the fiber 

diameters of dextran electrospun fibers at different molecular weights and concentrations.  

 

 

 

              

         

Figure 2.2. SEM images of electrospun dextran fibers using different molecular weights and 
concentrations at 2 µm scale bar.  
(1) solution concentration = 35 wt%,  (2) solution concentration = 40 wt% . 
(a) and (d) dextran-15, (b) and (e) dextran-25, (c) and (f) dextran-50. 
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Table 2.2. Average fiber diameter of dextran at various concentrations and molecular weights. 
 

Concentrations 
(wt%) 

Average fiber diameter (nm) 
 

 dextran-15 dextran-25 dextran-50 
 

35 182 ± 120 196 ± 47 550 ± 134 
40 396 ± 112 456 ± 136 597 ± 170 

 
Note: Average molecular weights for dextran-15, dextran-25 and dextran-50 were 150 kDa, 20 kDa and      
500 kDa, respectively. Data are displayed in means ± standard deviation from over 60 randomly 
selected fibers 
 

 

The average fiber diameter of the fabricated dextran fibers was between 182 to 597 nm and 

increased with increase in concentration as well as molecular weight. For examples, at 

dextran solution concentration of 35 wt%, the fiber diameter increased from 182 to 550 nm as 

the molecular weight increases from 150 kDa to 500 kDa as shown in Table 2.2. In another 

study, Lyons, Li, & Ko (2004) concluded that the fiber diameter of isotactic polypropylene 

(PP) increased exponentially with the increase of molecular weight. They suggested that this 

observation is due to the influence of larger electrostatic forces that were required to pull on 

the vastly entangled polymer chains. Overall, dextran has demonstrated good 

electrospinnability. A lower concentration was required for fiber development when a higher 

molecular weight dextran was used. 

 

2.3.3 Electrospinning of pectin and sodium alginate 
Hydrophilic polyionic polysaccharides such as sodium alginate and pectin have exhibited 

poor electrospinnability in this study.  The sodium alginate and pectin solutions have revealed 

unstable jetting at various applied voltage investigated. During the electrospinning of sodium 

alginate solutions, only polymer droplets were observed on the collector under SEM as 

shown in Figure 2.3. For the pectin solutions, a shell of gel-like material that would clog the 

spinneret was frequently detected during the electrospinning process. Electrospinning of 

alginates and pectin are generally performed with another synthetic polymer such as PEO and 

PVA in order to improve its electrospinnability (Alborzi et al., 2010; Islam & Karim, 2010). 

As a result, it can be concluded that sodium alginate and pectin in aqueous solutions are not 

electrospinnable without the presence of a second polymer in this study. 
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Figure 2.3. SEM image (at 2 µm scale bar) of sodium alginate droplets collected after 
electrospinning process.  
 
 

2.3.4 Incorporation of active component into the electrospun fibers 
In the previous sections, it was shown that dextran, gelatine and zein were the three 

electrospinnable biopolymers among the different polymers used in this study. Two different 

system of active components were incorporated into these biopolymers independently. All the 

biopolymer solutions were prepared at their electrospinnable concentration based on the 

observations obtained in the previous sections. This is to determine the effect of active 

component incorporation on the electrospun fiber morphologies. Figure 2.4 shows the SEM 

images of dextran-25, zein and gelatine-200 incorporated with 2 wt% bergamot oil emulsions 

and EGCG individually. The incorporation of EGCG did not have a major effect on the 

morphology of the biopolymer fibers (Figure 2.4a-c). All the electrospun fibers have shown 

beadless morphology and smooth surfaces without visible separation of particles from the 

fiber matrices. On the other hand, the inclusion of 2 wt% bergamot oil emulsions 

demonstrated a vast impact on the previously bead-free electrospun fiber morphologies. 

Figure 2.4 shows that dextran-25 (Figure 2.4d) as well as gelatine-200 (Figure 2.4f) have 

exhibited beads-on-string structure after the addition of bergamot oil emulsions. Zein 

electrospun fibers (Figure 2.4e) have consistently exhibited fine and beadless fiber 

morphologies after the incorporation of the two different active components. To determine 

the water stability, the electrospun fiber mats loaded with EGCG were placed in an aqueous 

system. Dextran and gelatine fibers instantly dissolved in water as shown in Figure 2.5, while 

zein fibers had shrunk but yet remains intact as thin sheets after the immersion. Results 

obtained suggest zein as the more suitable biopolymer as compared to dextran and gelatine 

for the encapsulation development in the following chapters. 
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Figure 2.4. SEM images of electrospun fibers loaded with different active component at 20 
µm scale bar.  
(1) EGCG, (2) bergamot oil emulsions.  
(a) and (d) dextran-25 40 wt%, (b) and (e) zein 25 wt%, (c) and (f) gelatine-200 15 wt%.  
 

 

                               

                                  
Figure 2.5. Water stability of electrospun fibers loaded with EGCG in water. (a) zein, (b) 
gelatine-200, (c) dextran-25. 
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2.4 Conclusion 
Electrospinning of biopolymers has proved to be a technical challenge in this chapter. This is 

due to some biopolymers such as sodium alginate, WPI, sodium caseinate and pectin 

dissolved in aqueous solutions were rendered not to be electrospinnable. Nevertheless, 

gelatine, dextran and zein electrospun fibers could be manufactured by using GRAS solvents 

such as water and ethanol. The electrospun dextran, gelatine and zein fibers had exhibited 

fiber diameter ranging from 110 to 597 nm. Zein had consistently demonstrated better 

electrospun fiber morphologies after the incorporation of different active components. 

Furthermore, it exhibited better water stability and versatility as prospective food contact and 

packaging material as compared to gelatine and dextran, which fits the long term goal of this 

research. Hence, zein was selected as the model electrospinnable biopolymer for the 

subsequent chapters. The instant solubility of dextran and gelatine in water implies their 

potential as a carrier for poorly-water soluble functional ingredients intended for fast-

dissolving delivery systems, which might be useful for future research. 
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CHAPTER 3: 
Influence of solution and processing parameters 

on zein electrospun fibers 
__________________________________________________________________________________ 

3.1 Introduction 

Fabrication of nanofibers with high surface area to volume ratio has recently been the focus 

of much attention from the scientific community. Compared to the conventional fiber 

drawing process, electrospinning is a simple and straight forward approach. A large number 

of polymers have been successfully electrospun in the fiber form with diameters ranging from 

100-1000 nm. This type of nanostructured materials are employed in various applications 

such as drug delivery, biosensors, wound dressing, tissue engineering and in the food industry 

(Bhardwaj & Kundu, 2010; Weiss, Takhistov, & McClements, 2006). 

 

The electrospinning process involves the application of an electrical field to continuously 

draw polymer solution from a syringe needle towards a grounded collector. Processing 

parameters such as applied voltage, solution feed rate and the distance between needle tip and 

collector are believed to have an effect on the morphology of the electrospun fibers. The 

applied voltage is strongly correlated to the originating droplet shape of the solution jet and 

that higher voltage may result in a greater tendency to form beaded fibers (Deitzel et al., 2001) 

despite the fact that polyvinyl alcohol (PVA) nanofibers were as well reported to become 

finer with increasing voltage (Lee et al., 2004). In terms of effect of solution feed rate on the 

electrospun fibers, Henriques et al. (2009) found that the average diameter of electrospun 

polyethylene oxide (PEO) fibers increased linearly with increase in solution feed rate. The 

other influencing factor, distance between needle tip and collector is correlated with the flight 

time of the electrospinning jet towards the grounded collector. Longer flight time may 

produce a thinner fiber as the fiber gets more time to stretch and elongate before it is 

accumulated on the collector (Ramakrishna et al., 2005). Consequently, the fiber diameter 

generally decreases with larger distance between needle tip and collector (Tong & Wang, 

2007). Nevertheless, Lee et al. (2004) also proposed that the fiber diameter increases at a 

longer distance due to reduction of the effective voltage. The differing outcome in the 

published literature might be due to the results of one factor at-a-time approach as they 

overlook the possible interaction between factors that are present concurrently (B. Li, Meng, 

Li & Xue, 2010). For this reason, an experimental investigation of individual electrospinning 

Part of this chapter has been published as: 
Neo, Y. P., Ray, S., Easteal, A. J., Nikolaidis, M. G., & Quek, S. Y. (2012). Influence of solution and processing  
parameters towards the fabrication of electrospun zein fibers with sub-micron diameter. Journal of Food Engineering,  
109(4), 645-651.  
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parameters and the interaction of the parameters acting concurrently was conducted using 

response surface methodology (RSM) in this study. RSM enables reduced number of 

experimental runs that provides sufficient information for statistically acceptable results as 

compared to full-factorial experimentation. 

 

The parameters studied were processing parameters such as solution feed rate, applied 

voltage, distance between needle tip and collector and solution parameters such as 

concentration and viscosity. Solution parameters such as the polymer solution concentration, 

viscosity, polymer molecular weight, solution surface tension and solution electrical 

conductivity were reported as the dominant parameters on shaping the morphology of 

electrospun fibers (Tan et al., 2005). However, since the concentration and molecular weight 

of the polymer determine the solution viscosity, the solution viscosity is not an independent 

variable. In general, the viscosity of a high molecular weight polymer dissolved in a solution 

will be higher than the viscosity of the same polymer but with a lower molecular weight. 

Ramakrishna et al. (2005) suggested that molecular weight of a polymer is proportional to the 

polymer chain length, and hence the molecular weight characterizes the extent of polymer 

molecular entanglement in a solvent. The degree of molecular entanglement has been 

postulated to affect the resultant polymer dispersion after passing through an electrical field; 

higher levels of molecular entanglement are believed to instigate electrospinning and lower 

levels result in electrospraying (Shenoy et al., 2005b).  

 

A theoretical relationship between the rheology and electrospinnability was derived from de 

Gennes’ scaling concept (Gearheart & Vetcher, 2008; McKee, Wilkes, Colby, & Long, 2004). 

De Gennes’ scaling concept is a logarithmic plot of the specific viscosity (ηsp) of a polymer 

solution as a function of its concentration. The logarithmic plot will contain several areas 

with different slopes indicating the motion of the polymer chain at dissimilar extent of 

entanglement. Polymers exist as individual chains in dilute solutions, however as the 

concentration increases, the conformations of individual chains start to overlap with each 

other at the semidilute unentangled regime; and the polymer chains topologically constrain 

each other’s motion at the semidilute entangled regime (Colby, 2010; Klossner, Queen, 

Coughlin, & Krause, 2008). The entanglement concentration can be concluded as the 

concentration at which sections with slopes approximate 1 and over 2 in the logarithmic plot 

meet (Gearheart & Vetcher, 2008). This theoretical relationship is important as an apriori 

criterion for fabrication of electrospun fibers. 
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Zein is a protein in maize which is insoluble in water due to the presence of large amount of 

apolar amino acid like Leucine (Leu), Proline (Pro) and Alanine (Ala) (Gianazza, Viglienghi, 

Righetti, Salamini, & Soave, 1977). To date, zein has found plentiful of applications in 

specialty food and pharmaceutical industry for its exceptional film forming properties, high 

thermal resistance and great oxygen barrier properties (Shukla & Cheryan, 2001; Torres-

Giner et al., 2010). Although the appropriate solvent and the parameters of the 

electrospinning process of zein solutions have been well analysed (Fernandez et al., 2009; Y. 

Li et al., 2009), there is no available information on the relationship of zein rheology and 

electrospinning on electrospun fiber morphology. The objectives of the present chapter were 

to determine how the viscosities of zein solutions impacted on their electrospinnability using 

rheometer; and to correlate the electrospinning parameters on the diameter of the zein 

electrospun fibers using RSM. Also in this chapter, a mathematical model which allowed the 

evaluation of statistical significance of the effects of electrospinning parameters on zein 

electrospun fiber diameters using Box and Behnken factorial design was constructed.  

 

Box and Behnken designs are spherical designs that are rotatable or nearly rotatable, in which 

the treatment combinations are at the midpoints and center of the edges of design space 

(Mertens, Van Derlinden, & Van Impe, 2012; Zidan, Sammour, Hammad, Megrab, Habib, & 

Khan, 2007). Figure 3.1 shows a schematic illustration of Box and Behnken design that 

consists of the central point and middle points of the edges. It has only three levels (coded -1, 

0, 1) for each independent parameter and hence does not require a large number of tests 

(Abou-El-Hossein, Kadirgama, Hamdi, & Benyounis, 2007).  

 

  

 

 

 

 

 

 

 

Figure 3.1. Schematic illustration of a Box and Behnken design. 
 
 

-1 

+1 

0 

X2 

X1 

X3 

73 
 



The rotatable design of Box and Behnken also allows uniform variance at any given radius 

from the center of the design (Thompson, 1982). Ferreira et al. (2007) suggested Box and 

Benhken as a better design for RSM as compared to other multivariate designs such as 

composite central and three-level full factorial in terms of: 1) estimation of the parameters of 

the quadratic model; 2) building of sequential designs; 3) detection of lack of fit of the model; 

4) use of blocks, which allows the arranging of experimental units in groups that are similar 

to one another for greater accuracy. Hence, this statistical technique was selected to 

determine the interaction of the electrospinning parameters in this study using RSM. 

 

3.2 Materials and Methods 

3.2.1 Materials 
Zein from maize (Z 3625) was purchased from Sigma Aldrich (St. Louis, MO, USA) and was 

used without further purification. Ethanol (ACS grade) was purchased from ECP Ltd 

(Auckland, New Zealand). Distilled water was used for all solution preparations. 

 

3.2.2 Rheology of the solutions 
Zein solutions were prepared at various concentrations (1 to 35 wt%) by dissolving zein 

powder in 80 wt% ethanol aqueous solutions under constant stirring using magnetic stirrer 

until homogeneous at room temperature (21 to 24 °C). Their rheological properties were 

measured using a PAAR Physica UDS 200 rheometer (PAAR Physica, Stuttgart, Germany), 

with cone and plate geometry (gap size of 0.05 mm, a radius of 50 mm and an angle of 1 °) at 

shear rate sweeps between 10 to 1000 s-1. All measurements were conducted at 25 °C and 

were carried out in triplicate. 

 

3.2.3 Electrospinning process 
The prepared zein solutions at different concentrations were placed in 5 mL syringes that 

were driven by a syringe pump (Cole Parmer, Vernon Hills, IL, USA) to give solution feed 

rates in the range 0.3 to 2.0 mL hr-1. Positive electrode of a direct current power supply (High 

voltage power supply series 230, Bertan, Hicksville, NY, USA) was connected to a 20 gauge 

needle (i.d of 0.61 mm) of a syringe and the negative terminal to a grounded collector. The 

applied voltage was varied from 12 to 18 kV.  The distance between needle tip and collector 
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was varied in the range from 10 to 16 cm. The as-spun electrospun fibers were dried for 12 hr 

in vacuum oven (2”, 51 mm Hg) at 21 °C. 

 

3.2.4 Scanning electron microscopy (SEM) 

Fibers were collected on a scanning electron microscopy (SEM) sample stub until the stub 

was fully covered. The morphology of the fibers was examined using a Philips XL 30S FEG 

scanning electron microscope (Philips, Eindhoven, The Netherlands), after sputter coating the 

samples with platinum under vacuum for 5 min at 5 to 10 mA using Quorum Q150R-S 

sputter coater (Quorum Technologies Ltd., Ashford, Kent, UK) to reduce electron charging 

effects. The fiber diameter was measured as the average diameter using a UTHSCSA image 

tool (IT) for windows, version 3.00 (University of Texas Health Science Center, San Antonio, 

TX, USA) from over 60 randomly selected fibers. 

 

3.2.5 Statistical analysis 

The four independent variables were concentration of zein solution (X1), solution feed rate 

(X2), applied voltage (X3) and distance between needle tip and collector (X4). The variables 

were coded to three different ranges of -1, 0, +1. Table 3.1 shows the coded level of the 

electrospinning parameters. The experiment was conducted as triplicate (81 experimental 

points). The average fiber diameter (nm) was selected as the response. The responses, 

analyses of variance (ANOVA) and t-statistic of the experimental data were analyzed using 

Minitab 15.0 Statistical software (Minitab Inc., State College, PA, USA). 

 

Table 3.1. Experimental design of independent variables in the Box-Behnken design for zein 
electrospun fibers. 
 

Independent variables Symbol Range and level 
 

-1 0 +1 
Concentration of zein solution (wt%) 
 

X1 25 30 35 

Solution feed rate (mL hr-1) 
 

 X2 1 1.5 2 

Applied voltage (kV) 
 

 X3 12 15 18 

Distance between needle tip and 
collector (cm) 
 

 X4 10 13 16 
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3.3 Results and Discussion 

3.3.1 Zein solution rheology 
In this study, the concentration regions for the zein solutions were determined using 

rheometer. Figure 3.2 shows that the zero shear rate viscosity (η0) of zein solutions increased 

from 2.9 to 358.1 mPa.s as the concentration was increased from 1 to 35 wt%. The zein 

polymer solutions had demonstrated Newtonian behaviour, which is the shear viscosity was 

independent of shear rate. The polymer contribution to η0 was evaluated from the ηsp defined 

by the equation 1. 

 

ηsp= (η0 – ηs)/ ηs           (1) 

 

where ηs is the solvent viscosity (2.58 mPa.s). Table 3.2 exhibits the ηsp values of the zein 

solutions obtained at different concentrations. 

                

Much effort has been applied to investigate the correlation between polymer chain 

entanglements and its electrospinnability. It is believed that electrospun fibers can only be 

fabricated when there are sufficient chain entanglements among the polymer molecules. One 

of the established reptation-scaling approaches is based on the de Gennes’ scaling concept, 

which determines the entanglement concentration (Ce) through the logarithmic plot of ηsp 

against polymer concentration. Hence, the rheological behaviour of a polymer solution plays 

an important role in the determination of its electrospinnability (Klossner et al., 2008). The 

ηsp should increase with polymer concentration (C) approximately to the power 1.0 (ηsp ~ 

C1.0) in the dilute region. In the semidilute unentangled region, the ηsp should increase with 

the polymer concentration approximately to the power 1.25 (ηsp ~ C1.25); in the semidilute 

entangled region to the power 3.75 or 4.8 (ηsp ~ C3.75 or C4.8) depending on the solvent 

quality (McKee, Hunley, Layman, & Long, 2005). The changes in the slope of the log ηsp vs 

log concentration graph delineate the commencement of the semidilute unentangled to 

semidilute entangled regime (Colby, Fetters, Funk, & Graessley, 1991). For instance, McKee 

et al. (2004) had demonstrated that Ce is the minimum concentration for a neutral polymer to 

form beaded electrospun fiber structure. For polymer concentrations below Ce, only droplets 

were observed, which is due to the lacking of entanglements between polymer chains. The 

solution jet could not withstand the solution surface tension when it is lack of entanglement 

and thus will break into droplets under the influence of ‘Rayleigh instability’.   
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In order to determine Ce of the zein solutions, log ηsp was plotted as a function of log 

concentration (Figure 3.3) and was found to be 12 wt%. The semidilute unentangled regime 

(ηsp ~ C1.44) was in good agreement with the theoretical predictions of 1.25. The semidilute 

entangled regime showed slightly weaker dependences (ηsp ~ C3.02) compared to the 

theoretical concentration exponents of 3.75. Such difference could be due to the association 

behavior of zein polymer chains in the 80 wt% ethanol aqueous solution, which required 

further investigation.  

 

 

 

              
 
Figure 3.2. Dependence of viscosity (η) on shear rate for zein solution at various 
concentrations (1 to 35 wt%). 
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Table 3.2. Specific viscosity (ηsp), viscosity (η), average electrospun fiber diameter (davg) 
and electrospun fiber morphology of zein at various concentrations. The zein solutions were 
electrospun at a constant applied voltage of 14 kV, feed rate of 0.30 mL hr-1 and distance 
between needle tip and collector of 10 cm.  
 

Concentration (wt%) ηsp η (mPa.s) davg (nm) Morphology 
1 0.12 2.90 ± 0.4 - - 
2 0.20 3.11 ± 0.4 - - 
5 0.65 4.27 ± 0.2 - - 
8 1.69 6.96 ± 1.0 - - 
10 2.42 8.83 ± 0.8 - - 
12 3.13 10.66 ± 0.4 - - 
15 7.56 22.10 ± 6.2 - Microbeads 
18 10.84 30.58 ± 3.6 

  20 23.85 64.16 ± 25.9 126 ± 31 Beaded fibers 
22 35.98 95.48 ± 14.2 

  25 54.19 142.49 ± 26.4 283 ± 62 Bead free fibers 
28 72.10 188.75 ± 14.1 

  30 96.70 252.25 ± 65.2 628 ± 97 Bead free fibers 
35 137.68 358.08 ± 72.8 910 ± 175 Bead free fibers 

Solvent viscosity (ηs) - 2.58 ± 0.4 - - 
 Note: Data are displayed in means ± standard deviation of three replications. davg are displayed in 
means ± standard deviation from over 60 randomly selected fibers 
 

 

                   
 
Figure 3.3. Dependence of specific viscosity (ηsp) on concentration for zein solution at 
various concentrations (1 to 35 wt%). 1.44 and 3.02 are the calculated slope for the 
semidilute unentangled regime and semidilute entangled regime, respectively. Ce is the 
entanglement concentration, the changes in the slope of graph delineate the commencement 
of the semidilute unentangled to semidilute entangled regime. 
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Figures 3.4 shows the SEM images of zein electrospun fibers from various concentrations. 

The electrospinning was conducted at a constant applied voltage of 14 kV, feed rate of 0.30 

mL hr-1 and distance between needle tip and collector of 10 cm. Figure 3.4a shows that only 

microbeads were observed at 15 wt% concentration, although the concentration used was 

higher than the value of Ce (12 wt%).  When the concentration was raised to 20 wt% (e.g. 1.7 

x Ce), beaded fibers were observed (Figure 3.4b). On the other hand, beadless fibers were 

formed at 25, 30 and 35 wt% of zein, which are 2.1 x, 2.5 x and 2.9 x Ce respectively 

(Figures 3.4c-e). The results suggest that 2 to 2.5 x Ce was the minimum concentration 

required to fabricate beadless zein electrospun fibers that is in agreement with the observation 

of McKee et al. (2004) on linear and branched polyethylene terephthalate-co-ethylene 

isophthalate. The entanglement couplings between the zein molecules at 2 to 2.5 Ce are 

strong enough to stabilize the electrified jet and suppress the surface tension due to ‘Rayleigh 

instability’, thus promoting the formation of fibers rather than droplets during electrospinning 

(McKee et al., 2006).                 

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

       

                      
Figure 3.4. SEM images of zein electrospun fibers at 2 µm scale bar. Zein solutions were 
electrospun at a constant applied voltage of 14 kV, feed rate of 0.30 mL hr-1 and distance 
between needle tip and collector of 10 cm. (a) 15 wt% (Ce < C < 2Ce),  
(b) 20 wt% (C = 1.7Ce), (c) 25 wt% (C = 2.1Ce), (d) 30 wt% (C = 2.5Ce),  
(e) 35 wt% (C = 2.9Ce). Ce is the entanglement concentration at 12 wt% and C represents 
different zein concentrations for electrospinning. 
 
 

a b c 

d e 
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3.3.2 Electrospun fiber morphology: solution concentration dependence 
The effects of zein solution concentration and viscosity on electrospun fiber morphology 

were investigated, with results shown in Table 3.2 (pg. 74). The viscosity of the zein solution 

increased, as expected, with increasing polymer concentration. Deitzel et al. (2001) suggested 

that surface tension effects may dictate fiber formation ability at low concentrations with low 

solution viscosity (η < 100 mPa.s), and droplets or microbeads will form instead of fibers. 

Solution viscosities at 15 and 20 wt% zein were 22.1 and 64.2 mPa.s and hence microbeads 

were observed (Figure 3.4a,b). Beadless and uniform fibers were noticed at the 25 wt% zein 

solution and at higher concentrations (Figure 3.4c-e) at η > 100 mPa.s. These results imply 

that number of molecular entanglements increased with increasing viscosity, thus facilitating 

the process of bead-free fiber formation. 

 

Figure 3.5 suggests that the fiber diameter increased in a systematic manner with increasing 

zein concentration following a power law relationship with an exponent of 3.6 between 20 to 

35 wt% solution concentrations. Similar power law relationships between fiber diameter and 

solution concentration for electrospinning of other polymers have also been reported 

(Baumgarten, 1971; Deitzel et al., 2001; Ki, Baek, Gang, Lee, Um, & Park, 2005). 

Nevertheless, the observed exponent value in the current study is different from the other 

reported studies, such as PEO/water solution which was reported to have an exponent of 

about 0.5 (Deitzel et al., 2001). This might be due to the differences in terms of the presence 

or absence of in-flight splitting/splaying phenomena of the electrospinning jet as suggested 

by Deitzel et al. (2001).  

 

The average diameter of the electrospun fibers increased considerably with increasing zein 

concentration, which is in accordance with the observations of other researchers (Suwantong, 

Pavasant, & Supaphol, 2011; Yao et al., 2007). Ramakrishna et al. (2005) explained this trend 

as the result of electrospinning jet path reduction, which indicates the flight time of the 

solution jet towards the grounded collector. They proposed that high polymer concentration 

and the corresponding viscosity will exhibit higher viscoelasticity properties that will 

discourage the bending instability. As a result, the solution flight time as well as jet path 

length will be shortened. The reduced jet path length will result in larger diameter because of 

less stretching of the solution. Thus thicker zein fibers with larger average diameters (628 and 

910 nm) were fabricated from solutions with 30 and 35 wt% zein, respectively (Table 3.2).  
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Figure 3.4 (pg. 75) shows that ribbon like structures were observed among the electrospun 

fibers, especially those originating from 30 to 35 wt% zein solutions (Figure 3.4d,e). The 

ribbon-like structure is a result of collapsing fibers due to the high volatility of ethanol in the 

zein solutions. The uneven evaporation of the ethanol between the surface and core of the 

charged jet formed an outer tube; the fiber collapsed once the remaining ethanol evaporated 

from the core (Dhanalakshmi & Jog, 2008; Zhao et al., 2005; Koombhongse, Liu, & Reneker, 

2001). Nonetheless, the possible impact of ribbon-like fiber morphologies on physical or 

chemical characteristics of the fabricated electrospun fiber mats remains to be tested in the 

future.  

 

 

 

                    
Figure 3.5. Influence of zein solution concentration (wt%) on fiber diameter (nm) in 
electrospinning at a constant applied voltage of 14 kV, feed rate of 0.30 mL hr-1 and distance 
between needle tip and collector of 10 cm. 
 
 

 

3.3.3 Electrospun fiber morphology: processing parameters dependence 
The effects of processing parameters (applied voltage, solution feed rate and distance 

between the needle tip and the collector) on the electrospun fiber diameter are summarized in 

Figures 3.6-3.8. A similar study conducted by Torres-Giner, Gimenez, & Lagaron (2008a) 

suggested that no significant changes were detected on zein fiber morphologies with varying 

processing parameters. Yet, the average fiber diameter was reported to be increased with 
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increasing applied voltage and solution feed rate, and decreased with enlargement of the gap 

between the needle tip and collector.  

 

Figure 3.6 shows the influence of various applied voltage (11 to 18 kV) on the zein 

electrospun fiber diameter. The zein solution concentration was kept constant at 25 wt%, and 

the electrospinning was conducted at fixed feed rate of 0.30 mL hr-1, distance between needle 

tip and collector of 10 cm. The fiber diameter tended to increase with the increasing voltage 

which is due to the rise of electrostatic stress on the jet. However, the fiber diameter was 

observed to decrease at 18 kV, which might be due to the formation of multiple solution jets 

at higher voltage that led to a smaller average fiber diameter (Ramakrishna et al., 2005).   

 

Figure 3.7 illustrates the average zein fiber diameter as a function of feed rate (0.15 to 2.0 mL 

hr-1). The zein solution concentration was kept constant at 25 wt%, and the electrospinning 

was conducted at fixed applied voltage of 14 kV, distance between needle tip and collector of 

10 cm. It was observed that the diameter of the electrospun fibers was not significantly 

changed with the varied volume of feed rate as suggested by Beachley & Wen, (2009) and 

Tan et al. (2005).   

 

Figure 3.8 shows the influence of different distance between needle tip and collector (8 to 15 

cm) on the zein electrospun fiber diameter. The zein solution concentration was kept constant 

at 25 wt%, and the electrospinning was conducted at fixed applied voltage of 14 kV, fixed 

feed rate of 0.30 mL hr-1. In this case, fiber diameter gradually increased as the distance 

decreased, although the influence was not as significant as that of the polymer concentration. 

This occurrence is likely to be an effect of the reduced volume charge density and increased 

solvent evaporation rate as the distance increases (Theron, Zussman, & Yarin, 2004).  

 

Overall, the results demonstrated large standard deviation that made the influence of each 

processing parameters seemingly insignificant. These studies were conducted using “one 

factor at-a-time” approach, whereby each single electrospinning parameter was varied while 

the other remaining parameters were kept constant during the electrospinning process. The 

“one factor at-a-time” approach is simple to implement, yet ignores the possible interaction 

between each parameters that might lead to wrong conclusions. As a result, RSM had been 

applied in the following sections in order to determine the possible interaction between 

factors that are present concurrently during the electrospinning process. 
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 Figure 3.6. Influence of applied voltage (kV) on fiber diameter (nm) in electrospinning at a 
constant zein solution concentration of 25 wt%, feed rate of 0.30 mL hr-1 and distance 
between needle tip and collector of 10 cm. 
 
 
 

 

                      
 
Figure 3.7. Influence of solution feed rate (mL hr-1) on fiber diameter (nm) in electrospinning 
at a constant zein solution concentration of 25 wt%, applied voltage of 14 kV and distance 
between needle tip and collector of 10 cm. 
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Figure 3.8. Influence of distance between needle tip and collector (cm) on fiber diameter (nm) 
in electrospinning at a constant zein solution concentration of 25 wt%, applied voltage of 14 
kV and feed rate of 0.30 mL hr-1. 
 
 

3.3.4 Response surface function 
By regression analysis, all 81 experimental points were evaluated (Table 3.3) and coefficient 

of the electrospinning parameters, significance probability (P-value) and second order model 

equation were obtained (Table 3.4). P-value is a measure of statistical significance and the 

electrospinning parameter shows significant impact on the average fiber diameter when the 

P-value is less than 0.05 at 95 % confidence interval. Table 3.4 shows that the linear 

coefficients such as concentration, solution feed rate and applied voltage (X1, X2 and X3) 

exhibited significant effect (P < 0.05) on the average fiber diameter. One of the quadratic 

coefficients X3
2 and interaction terms X2X3 also exhibited significant effect on the average 

fiber diameter at P < 0.05, while the other interaction and quadratic team were not significant. 

The typical response surface model equation for 4 input variables can be proposed as 

followed: 

 

y= β0 + β1 X1 +  β2 X2 + β3 X3 + β4 X4 + β12 X1 X2 + β13 X1 X3 + β14X1 X4 + β23X2 X3  

     + β24 X2 X4 + β34 X3 X4 + β11 X1
2 + β22X2

2 + β33 X3
2  + β44X4

2                                     

  (2) 

 

where β are the coefficients. 
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Table 3.3. Responses of dependent variables for average fiber diameter (davg) of zein to 
changes in the independent variables. X1: concentration of zein solution (wt%), X2: feed rate 
(mL hr-1), X3: voltage (kV), X4: distance between needle tip and collector (cm). The different 
values for the variables are denoted by (-1), (0) and (+1) and the actual values they represent 
are given in Table 3.1. 
 

Exp. No. Variable levels Response 
davg (nm) 

 
X1 X2 X3 X4 

1 +1 0 0 +1 1093 
2 -1 0 0 -1 327 
3 0 0 -1 +1 622 
4 -1 +1 0 0 336 
5 -1 0 -1 0 266 
6 +1 +1 0 0 1104 
7 +1 -1 0 0 1198 
8 0 +1 +1 0 799 
9 -1 +1 0 0 307 
10 0 -1 -1 0 673 
11 +1 0 0 -1 1107 
12 0 0 -1 +1 657 
13 +1 -1 0 0 1143 
14 0 -1 +1 0 704 
15 -1 0 0 -1 331 
16 +1 0 0 +1 1143 
17 0 0 +1 -1 789 
18 +1 0 +1 0 1237 
19 +1 0 0 -1 1202 
20 0 0 0 0 768 
21 0 0 -1 +1 664 
22 -1 0 0 -1 324 
23 +1 +1 0 0 1264 
24 +1 +1 0 0 1338 
25 0 -1 +1 0 670 
26 0 +1 -1 0 616 
27 0 0 +1 +1 815 
28 0 -1 0 -1 667 
29 +1 0 0 -1 1364 
30 -1 0 +1 0 342 
31 +1 0 -1 0 1028 
32 0 0 0 0 753 
33 +1 -1 0 0 1242 
34 +1 0 0 +1 1271 
35 0 0 +1 -1 738 
36 -1 0 0 +1 301 
37 -1 0 -1 0 258 
38 0 0 0 0 757 
39 0 -1 0 +1 722 
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40 0 0 0 0 766 
41 -1 0 -1 0 274 
42 0 0 0 0 756 
43 0 0 +1 +1 752 
44 0 +1 +1 0 815 
45 0 -1 +1 0 676 
46 0 +1 +1 0 764 
47 -1 0 0 +1 308 
48 0 0 +1 +1 736 
49 0 0 -1 -1 756 
50 -1 0 +1 0 379 
51 +1 0 -1 0 1220 
52 0 +1 0 +1 801 
53 0 -1 -1 0 722 
54 -1 -1 0 0 348 
55 -1 -1 0 0 296 
56 -1 0 +1 0 326 
57 +1 0 +1 0 1291 
58 0 0 -1 -1 652 
59 0 +1 0 +1 741 
60 -1 +1 0 0 320 
61 -1 0 0 +1 269 
62 -1 -1 0 0 267 
63 0 -1 0 -1 662 
64 0 +1 0 +1 697 
65 0 0 -1 -1 680 
66 0 +1 -1 0 735 
67 +1 0 +1 0 1203 
68 0 -1 0 -1 733 
69 0 -1 0 +1 708 
70 0 -1 0 +1 722 
71 0 0 0 0 747 
72 0 0 0 0 771 
73 +1 0 -1 0 1181 
74 0 +1 0 -1 814 
75 0 +1 0 -1 800 
76 0 +1 -1 0 637 
77 0 0 +1 -1 756 
78 0 0 0 0 755 
79 0 0 0 0 788 
80 0 +1 0 -1 794 
81 0 -1 -1 0 673 
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The response surface model equation for an average fiber diameter in this study was 

generated as below after removing the nine non-significant terms at P < 0.05.   

 

y= 762.33 + 445.83X1 + 23.78X2 + 41.06X3 – 31.89X3
2 + 34X2X3      (3) 

 

where y is the average fiber diameter (nm), X1 is the zein solution concentration (wt%), X2 is 

the solution feed rate (mL hr-1) and X3 is the applied voltage (kV). 

 

 

 
Table 3.4. Estimated coefficients of the fitted quadratic polynomial equation for the response 
of  average fiber diameter (nm) based on t-statistic. X1: concentration of zein solution (wt%), 
X2: feed rate (mL hr-1), X3: voltage (kV), X4: distance between needle tip and collector (cm). 
R2 = 0.9788, Adj  R2 = 0.9743 
 

Parameter Coefficient Standard error t-value P-value 
 

Constant 762.333 16.312 46.735 0.000 
X1 445.833 8.156 54.664 0.000 

X2 23.778 8.156 2.915 0.005 

X3 41.056 8.156 5.034 0.000 

X4 -13.167 8.156 -1.614 0.111 

X1
2 14.028 12.234 1.147 0.256 

X2
2 -15.139 12.234 -1.237 0.220 

X3
2 -31.889 12.234 -2.607 0.011 

 X4
2 -14.722 12.234 -1.203 0.233 

X1 X2 5.917 14.127 0.419 0.677 

X1 X3 4.417 14.127 0.313 0.756 

X1 X4 -5.167 14.127 -0.366 0.716 

X2 X3 34.000 14.127 2.407 0.019 

X2 X4 -21.583 14.127 -1.528 0.131 

X3 X4 13.750 14.127 0.973 0.334 
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Equation 3 suggests that the solution concentration, solution feed rate and applied voltage 

exhibit a direct relationship with the average fiber diameter. Hence, the increase of the 

solution concentration, solution feed rate and applied voltage will increase the average 

electrospun fiber diameter. Equation 3 also suggests that solution concentration is the most 

significant parameter in electrospinning because the coefficient is the highest (445.83). This 

observation is in good accordance with findings by other studies which suggested the solution 

parameters, in particular viscosity and concentration, have much greater impact on the 

electrospinning of polyurethane and polylactide-co-glycolide (PLAGA), as compared to the 

processing parameters (Demir, Yilgor, Yilgor, & Erman, 2002; Katti et al., 2004). 

 

The goodness of fit of the model was evaluated by the R2, which indicates the coefficient of 

determination. The value obtained was 0.9788 which indicates that 97.88 % of the total 

variations can be explained by the model. Table 3.5 shows the results of ANOVA for this 

model. The regression model suggested a significant value for both linear and quadratic terms 

at P < 0.05. The insignificance of the interaction effect between the electrospinning 

parameters might be due to the fact that most of the parameters did not exhibit a profound 

effect on each other, as interaction can only be found between solution feed rate and applied 

voltage at P-value of 0.019 as shown in Table 3.4 (pg. 83). 

 

 

 

Table 3.5. Analysis of variance (ANOVA) for response of the dependent variable (average 
fiber diameter, nm). 
 
Source d.f SS MS F-value P-value 

 
Regression 14 7296326 521166 217.63 0.000 
   Linear 4 7242900 1810725 756.14 0.000 
   Square 4 30721 7680 3.21 0.018 
   Interaction 6 22705 3784 1.58 0.167 
  Residual error 66 158051 2395 - - 
   Lack-of-fit 10 9591 959 0.36 0.958 
   Pure error 56 148459 2651 - - 
Total 80 7454377 - - - 

 
Note: d.f: degree of freedom, SS: sum of the square, MS: mean square 
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3.3.5 Interpretation of residual plots 
In addition to the regression coefficients, the adequacy of the model was determined through 

the analysis of residual plots. Residuals are elements of variation that are unable to explain by 

the fitted model, which ideally should be normally distributed (Khataee, Fathinia, Aber, & 

Zarei, 2010). Both normal probability plot and histogram are suitable graphical method in 

order to determine the residuals normality. Minitab software provides residuals plots to 

examine the normal distribution of the residuals as shown in Figure 3.9. Figure 3.9a shows 

the normal probability plot of the residual values. Results demonstrated that the residuals are 

reasonably aligned to the fitted straight line that suggesting a normal distribution. This 

assumption was further validated by the histogram of the residuals as shown in Figure 3.9b 

that resembles a bell shape, with no evident bimodal distribution. According to these plots, 

the residuals have demonstrated a normal distribution. 

 

 

 
Figure 3.9. Residual plots of (a) normal probability plot for the residuals, (b) histogram of 
the residuals. 

 

3.3.6 Response surface plot of fiber diameters 
Figure 3.10 shows contour plot of average fiber diameter as a function of solution feed rate 

and applied voltage, at a constant concentration of 25 wt% and needle tip to collector distance 

of 10 cm. The response surface indicates that changes in fiber diameter are more responsive 

to solution feed rate at the high applied voltage. Low applied voltage gives small fiber 

diameters. Applied voltage of 13 kV gives fiber diameters ranging from 250 to 300 nm, while 

18 kV applied voltage gives fiber diameters ranging from < 250 to > 350 nm at different 

solution feed rate (Figure 3.10). Similarly, changes in fiber diameter were found to be more 

responsive to applied voltage at higher feed rate. A 1.0 mL hr-1  solution feed rate gives fiber 

diameters ranging from < 250 to 275 nm, whereas fiber diameters ranging from 250 to > 350 

nm can be produced at solution feed rate of 2.0 mL hr-1. Thus, the interaction effect of the 

a b 
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electric field and solution feed rate can be observed. The fiber diameter tended to increase 

with the increasing voltage which is due to the rise of electrostatic stress on the jet. The 

increasing of solution feed rate will allow a greater volume of solution available for 

electrospinning and hence a larger fiber diameter is resulted. Figure 3.10 suggests that effect 

of feed rate on the average diameter will not be significant at a low applied voltage as the 

amount of electric charges is not enough to accelerate the polymer solution. 

 

 

 

Figure 3.10. Contour plot of average fiber diameter as a function of applied voltage and 
solution feed rate at a constant concentration of 25 wt% and needle tip to collector distance of 
10 cm. 
 
 

 

The estimation capabilities of this RSM model were tested by setting the solution 

concentration at 25 wt%, applied voltage of 13 kV, feed rate of 1.20 mL hr-1 and distance 

between needle tip and collector of 13 cm. The observed response was compared to the 

estimated response obtained from RSM model. The experimentally obtained average fiber 

diameter for 3 replicates was 285 ± 20 nm, and was close to the estimated response (300 nm). 

Figure 3.11 shows the fiber distribution of the observed response, indicating the accuracy and 

precision of the used methodology and experiments. It should be noted that the model is 

applicable only under the experimental conditions listed in this study and would require to be 
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redeveloped for any other polymer solution or electrospinning conditions. Nevertheless, the 

successful attainment of the experimental response that is adjacent to the estimated response 

indicated the adequate choice of the experimental domain in this study. 

                 

 
 

                  
Figure 3.11. Distribution of fiber diameter electrospun at concentration of 25 wt%, applied 
voltage of 13 kV, feed rate of 1.20 mL hr-1 and distance between needle tip and collector of 
13 cm. 
 

3.4 Conclusion 
The solution rheology has shown implications on the electrospinnability of zein solutions in 

this chapter. Results suggested that fiber morphology was reliant on the polymer viscosity. 

The implications of the unentangled and entangled concentration regions for zein solutions on 

their electrospinnability were determined. Bead-free and uniform zein electrospun fibers were 

successfully constructed. The Ce value allowed determination of the minimum polymer 

concentration required for electrospinning of bead-free zein fibers, which occured at 25 wt%             

(C = 2.1 Ce). The electrospinning parameters studied were concentration of zein solution, 

solution feed rate, applied voltage and distance between needle tip and collector. The 

individual and interaction effects between the parameters on average diameter of zein 

electrospun fibers were determined using Box and Behnken factorial design. The interaction 

effect between feed rate and voltage, the quadratic coefficients of the applied voltage as well 

as linear coefficients of the solution concentration, voltage and feedrate were found 

statistically significant on the fabricated fiber diameter. Solution concentration had shown a 
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greater impact compared to the others as its coefficient in the regression equation 3 is the 

highest. RSM clearly showed that interaction between parameters like solution feed rate and 

applied voltage do occur. The contour plot implies that the fiber diameter increases as the 

solution feed rate and applied voltage are increased. This chapter has shown that 

understanding of the solution rheology and electrospinning parameters could lead to the 

possibility of controlling the morphology of zein electrospun fibers.  
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CHAPTER 4: 
Physicochemical studies of 

gallic acid loaded zein electrospun fibers  
__________________________________________________________________________________ 

4.1 Introduction 
 
The growing concern of the inter-relationship between structure and bulk physicochemical 

properties on the sensory attributes of food has led to the major advances in the design and 

fabrication of structured delivery systems for the encapsulation discipline (McClements, 

Decker, Park, & Weiss, 2009; Parada & Aguilera, 2007). Microstructure fabricated during 

processing may have an effect on the release, transformation and the following absorption of 

nutrients in the digestive tract (Parada & Aguilera, 2007). In food industry, nanotechnology 

has been utilized to develop or modify food products to more effectively transport nutrients, 

proteins and antioxidants to the body (Sanguansri & Augustin, 2006). Consequently, various 

processes have been developed for the fabrication of nanomaterials and electrospinning is one 

of such techniques that has received considerable awareness and increased number of studies 

(Kayaci & Uyar, 2012a; Y. Wang, Zhang, Zhang, & Li, 2012; Weiss et al., 2006). 

 

Electrospinning is a simple and straight forward process that involves the application of an 

electrical field to continuously draw a polymer solution from a syringe needle towards a 

grounded collector. As a result, ultrafine fibers are collected as a non-woven mesh or 

membrane on the collector plate. The fabricated ultrafine fiber mat exhibits properties such as 

high surface area to volume ratio and high porosity that are desirable as a carrier for delivery 

of drugs or other therapeutic agents. Electrospinning has been shown to be a promising 

method for stabilization of antioxidants (Fernandez et al., 2009; Y. Li et al., 2009). It has 

been suggested that the incorporated materials in nanofibers can potentially improve and also 

enhance functionality due to the nano-scale effects (Shen, Yu, Zhu, Branford-White, White, 

& Chatterton, 2011). Consequently, research has been conducted on electrospinning of 

various polymers to obtain ultrafine fibers so as to produce nanostructured matrices in which 

antioxidants and other functional ingredients could be incorporated (Arecchi et al., 2010a; 

López-Rubio et al., 2012b; Wongsasulak et al., 2010).  

 

Zein, a hydrophobic protein extracted from maize, is known for its high thermal resistance 

and great oxygen barrier properties which finds plentiful applications in the packaging sector 

Part of this chapter has been published as: 
Neo, Y. P., Ray, S., Jin, J., Gizdavic-Nikolaidis, M., Nieuwoudt, M. K., Liu, D., & Quek, S. Y. (2013). Encapsulation of 
food grade antioxidant in natural biopolymer by electrospinning technique: A physicochemical study based on zein–gallic 
acid system. Food Chemistry, 136(2), 1013-1021. 
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(Shukla & Cheryan, 2001). Because of the popular demand of natural antioxidants, 

incorporation of phenolic compounds in various food systems as value added component is a 

growing area of research. Gallic acid is a naturally occurring phenolic acid that is widely 

present in the plant kingdom. Figure 4.1 shows the chemical structure of gallic acid. 

 

                                                        
Figure 4.1. Chemical structure of phenolic gallic acid compound. 

 

 

Studies have shown that gallic acid and its derivatives are antioxidants that exhibit anti-

inflammatory and antimicrobial abilities (Chuysinuan, Chimnoi, Techasakul, & Supaphol, 

2009; Z. Lu, Nie, Belton, Tang, & Zhao, 2006). In this chapter, gallic acid was used as the 

model active component. The physicochemical changes of gallic acid loaded zein fibers (Ze-

GA) fabricated by using electrospinning as an encapsulation technique was studied. Previous 

studies have reported the preparation of gallic acid loaded zein based films (Alkan et al., 

2011; Arcan, & Yemenicioğlu, 2011). However, encapsulation using electrospinning of this 

naturally antioxidant for the production of nanostructured ingredients, which can exhibit 

different physical properties due to geometric confinement, was performed for the first time 

as reported in this study. Overall, the aim of this chapter was to determine physicochemical 

characteristics including morphology of electrospun fibers; distribution of gallic acid in the 

electrospun fibers; physical state, thermal stability and properties of the electrospun fibers 

before and after the incorporation of gallic acid. The interaction between gallic acid and zein 

and radical scavenging properties of gallic acid after electrospinning were explored in this 

chapter to gain more fundamental understanding on this system.  
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4.2 Materials and Methods 

4.2.1 Materials 
Zein (Z 3625) and 1,1’-diphenyl-2-picrylhydrazyl (DPPH) radicals were purchased from 

Sigma Aldrich (St. Louis, MO, USA). The zein powder was used without further purification. 

Gallic acid standard was obtained from Acros Organics (Geel, Belgium). Ethanol (ACS grade) 

was purchased from ECP Ltd (Auckland, New Zealand). Milli-Q water (18 MΩcm, Millipore, 

Bedford, MA, USA) was used for all solution preparations. 

 

4.2.2 Electrospinning process 
Zein solutions were prepared at a concentration of 25 wt% by dissolving zein powder in      

80 wt% ethanol aqueous solutions under constant stirring using magnetic stirrer at room 

temperature (21 to 24 °C). This concentration of zein was chosen because previous chapter 

has shown that zein fibers with uniform morphologies could be electrospun at 25 wt%. Zein 

electrospun fibers containing various content of gallic acid were prepared by first dissolving 

gallic acid in 80 wt% ethanol aqueous solutions, followed by dissolving zein powder to 

obtain 25 wt% zein solutions. The final content for the gallic acid in the solid fibers were 5 

wt%, 10 wt% and 20 wt%, meaning gallic acid-to-zein weight ratio of 1:19, 1:9, 1:4 in the 

dry fibers, correspondingly. These electrospun fibers were designated as Ze (for pure zein 

with no gallic acid incorporation), Ze-GA 5%, Ze-GA 10% and Ze-GA 20%, respectively 

in the further context. Conductivity and viscosity of the Ze and Ze-GA solutions were then 

measured using a conductivity meter (Radiometer Analytical Meterlab CDM 210, Lyon, 

France) and rheometer (PAAR Physica UDS 200, Stuttgart, Germany). The solutions were 

placed in 5 mL syringes that were driven by a syringe pump (Cole Parmer, Vernon Hills, IL, 

USA) to give solution feed rate of 0.8 mL hr-1. Positive electrode of a direct current power 

supply (High voltage power supply series 230, Bertan, Hicksville, NY, USA) was connected 

to a 20 gauge needle (i.d of 0.61 mm) of a syringe and the negative terminal to a grounded 

collector. The applied voltage was 16 kV with a distance between needle tip and collector of 

13 cm. For each input electrospinning parameter, the value was selected based on the findings 

in previous chapter and varied by a small amount from the base value in previous chapter, in 

order to establish a stable electrospinning jet. The as-spun electrospun fibers were dried for 

12 hr in vacuum oven (2”, 51 mm Hg) at 21 °C. 
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4.2.3 Electron microscopies  
Fibers were collected on a scanning electron microscopy (SEM) sample stub until the stub 

was fully covered with fibers. The morphology of the fibers was examined using a scanning 

electron microscope (Philips XL 30S FEG, Eindhoven, The Netherlands), after sputter 

coating the samples with platinum under vacuum for 5 min at 5 to 10 mA using Quorum 

Q150R-S sputter coater (Quorum Technologies Ltd., Ashford, Kent, UK) to reduce electron 

charging effects. The fiber diameter was measured as the average diameter using UTHSCSA 

Image Tool (IT) for Windows, version 3.00 (University of Texas Health Science Center, San 

Antonio, TX, USA) from over 60 randomly selected fibers. Additionally, the fibers were also 

collected on a carbon-coated copper grid and were stained by exposure to osmium tetroxide 

vapour for 1 hr. Osmium tetroxide has been constantly used as a heavy metal stain in electron 

microscopy. Phenolic compounds are suggested to have strong affinity towards osmium that 

could be easily recognized in the form of aggregates after the staining (Li, Tang, Liang, Ning, 

Bai, & Wu, 2012; Parham & Kaustinen, 1976). As a result, the distribution of the 

incorporated gallic acid was examined using a Philips CM 12 (Philips, Eindhoven, The 

Netherlands) transmission electron microscope (TEM) at an accelerating voltage of 120 kV 

after the staining process. 

 

4.2.4 Thermal analyses  
Thermal properties of gallic acid and the electrospun fibers were determined using 

differential scanning calorimetry (DSC) and thermogravimetric analyses (TGA). The DSC 

analyses were performed on a DSC- Q1000 differential scanning calorimetry (TA Instrument, 

New Castle, DE, USA) at a scanning speed of 10 °C min-1.  The sealed samples (7.0 mg) 

were heated from 25 to 300 °C under nitrogen gas flow and the measurements were carried 

out in triplicate. TGA analyses were performed using TGA-Q5000 (TA Instrument, New 

Castle, DE, USA) equipment under nitrogen (flow rate of 25 mL min-1) at a heating rate of          

10 °C min-1 from 40 to 600 °C. The measurements were carried out in triplicate. 

 

4.2.5 X-ray diffraction (XRD) 
The physical state of gallic acid in the electrospun fibers was investigated using X-ray 

diffraction (XRD). The XRD patterns were obtained on an Advance X-ray diffractometer 

(Bruker D8, Germany) with Cu Kα radiation in the 2θ range of 2 to 70 ° at 40 kV tube 

voltages and 40 mA tube current. The measurements were carried out in duplicate. 

96 
 



4.2.6 Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 
spectroscopy 
The interaction between gallic acid and zein after electrospinning was examined using 

attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy method. 

The ATR-FTIR spectra were recorded on a Thermo Electron NICOLET 8700 FTIR 

spectrophotometer using the Smart Orbit ATR accessory with diamond crystal, single bounce 

at 45 ° (Thermo Electron Corporation, Waltham, MA, USA) over the wave number region of 

600 to 3600 cm-1. Interferograms were averaged for 32 scans at 4 cm-1 resolution. The 

measurements were carried out in triplicate. The signals were processed using the OMNIC 

5.0 spectroscopic software (Nicolet Instrument Corp., Madison, WI). 

 

4.2.7 Loading efficiency of gallic acid in zein electrospun fibers  
The loading efficiency of gallic acid in the electrospun fibers was determined by first 

dissolving 10 mg of each Ze-GA fiber mat in 25 mL of 80 wt% ethanol aqueous solutions 

separately. Later, suitable dilutions were made using the ethanol aqueous solutions and the 

amount of gallic acid was quantified at wavelength of 280 nm using a Shimadzu UV-2101PC 

spectrophotometer (Shimadzu Corp., Kyoto, Japan) against a predetermined gallic acid 

standard calibration curve. The loading efficiency of gallic acid was calculated as follows: 

 
Loading efficiency (%) =  Calculated gallic acid concentration    x  100                                (1) 
                                   Theoretical gallic acid concentration 
 

The measurements were carried out in triplicate. 

 

4.2.8 1,1’-diphenyl-2-picrylhydrazyl (DPPH) antioxidant assay  
The antioxidant activity of the electrospun fibers was measured with DPPH radicals. Briefly, 

10 mg of the fibers was first dissolved in 10 mL of 80 wt% ethanol aqueous solutions. An 

aliquot of 100 µL of the sample solutions were allowed to react with 3 mL of DPPH (0.1 mM 

solution in methanol) separately for 30 min in dark. The corresponding amounts of gallic acid 

in as-loaded Ze-GA 5%, Ze-GA 10% and Ze-GA 20% solutions (theoretical concentration 

before electrospinning) were also assayed for comparison purpose. The absorbance was 

recorded spectrophotometrically using a Shimadzu UV-2101PC spectrophotometer 

(Shimadzu Corp., Kyoto, Japan) at 516 nm and the antioxidant activity was expressed as 

followed: 

 

97 
 



    Antioxidant activity (%)=   (Acontrol – Asample)   x  100                              (2) 
                                                          Acontrol              
 

where Acontrol and Asample are the absorbance values of the DPPH solution without and with 

the presence of the sample solutions. The measurements were carried out in triplicate. 

 

4.2.9 Statistical analysis 
Statistical analysis was performed using MINITAB 13.0 software (Minitab Inc., State 

College, PA, USA). The data were compared using analysis of variance (ANOVA) at 5 % 

significance level. All values are reported as means of three determinations, and the results 

were expressed as mean values ± standard deviation. 

 

4.3 Results and discussion 

4.3.1 Influence of gallic acid on viscosity and conductivity of zein solutions 
The viscosity and electrical conductivity of Ze and Ze-GA solutions measured before the 

electrospinning process is shown in Table 4.1.  

 

Table 4.1. Viscosity and electrical conductivity of Ze and Ze-GA solutions. 
 

Gallic acid content  
(wt% in solid fibers) 

Viscosity (mPa.s) Conductivity  
(mS cm-1) 

 
0 165.69 ± 20.4 b 1.34 ± 0.08 b 
5 204.67 ± 44.9 c 1.24 ± 0.02 c 
10 229.10 ± 52.5 c 1.17 ± 0.03 c 
20 263.08 ± 56.8 d 1.02 ± 0.07 d 

 
Note: Data are displayed in means ± standard deviation of three replications; means in each column 
bearing different superscripts are significantly different (P < 0.05). 
 

 

The Ze solution exhibited the viscosity and conductivity value of 165.69 ± 20.4 mPa.s and 

1.34 ± 0.08 mS cm-1, respectively. The incorporation of gallic acid to the zein solutions 

increased the viscosity values of the various solutions significantly (P < 0.05) from 166 to 

263 mPa.s. However, the solution conductivity significantly reduced (P < 0.05) with the 

increasing content of gallic acid, from 1.34 mS cm-1 for the Ze solution, to 1.24, 1.17 and 

1.02 mS cm-1 for Ze-GA 5%, Ze-GA 10% and Ze-GA 20% solutions, correspondingly (Table 
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4.1). Conductivity is measured as movement of ions in the solution. According to 

Kohlrausch’s law, the conductivity of weak electrolytes such as gallic acid is highly 

concentration dependent. The dissociation of weak electrolytes in solution to produce ions is 

even lower at higher concentration, which as a result contributes towards reduction on the 

conductivity of Ze-GA solutions. 

 

4.3.2 Evidence of gallic acid encapsulation in electrospun fibers 
Selected SEM images of the electrospun fibers are shown in Figures 4.2. The fibers have 

shown a beadless morphology which displayed smooth surfaces without visible separation of 

particles from the fiber matrix. The average diameters for the Ze-GA fibers were ranged from 

327 to 387 nm (Table 4.2). The deposition and distribution of gallic acid particles within the 

fiber mats were detected by using TEM imaging (Figures 4.3) under high resolution. The Ze 

fibers had exhibited smooth surfaces without any visible aggregates. Nevertheless, Ze-GA 

electrospun fibers had exhibited dark patches throughout the fibers. According to Kriegel et 

al. (2009), the black stained areas within the fibers are due to the staining of phenol ring of 

gallic acid with osmium tetroxide. This observation confirmed successful encapsulation of 

gallic acid within the zein fibers.  

 

         

        
Figure 4.2. SEM images of Ze and Ze-GA electrospun fibers at 5 µm scale bar.  
(a) Ze, (b) Ze-GA 5%, (c)Ze-GA 10%, (d) Ze-GA 20%. 
 

a b 

c d 
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Table 4.2. Average electrospun fiber diameter of Ze and Ze-GA electrospun fibers. 
 

Gallic acid content  
(wt% in solid fibers) 

 

Average fiber diameter (nm) 
 

0 290 ± 83 
5 327 ± 81 
10 343 ± 85 
20 387 ± 97 

 
      Note: Data are displayed in means ± standard deviation from over 60 randomly selected fibers 

 

 

 

                        

                 
    

Figure 4.3. TEM images of Ze and Ze-GA electrospun fibers at 100 nm scale bar.  
(a) Ze, (b) Ze-GA 5%, (c)Ze-GA 10%, (d) Ze-GA 20%. 
 
 
 
 

a b 

c d 
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It was found that the average fiber diameter increased with an increase in gallic acid content. 

Addition of gallic acid increased the viscosity of the solutions and thus increased the number 

of molecular entanglement in the solution which was reflected in the increase in electrospun 

fiber diameter (Neo et al., 2012). Figure 4.4 shows the distribution of fiber diameters for the 

Ze and Ze-GA fibers. 

 
 

 
 

 
 

a 

b 
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Figure 4.4. Distribution of fiber diameter for Ze and Ze-GA electrospun fibers at applied 
voltage of 16 kV, feed rate of 0.8 mL hr-1 and distance between needle tip and collector of 13 
cm. (a) Ze, (b) Ze-GA 5%,(c) Ze-GA 10%, (d) Ze-GA 20%. 
 

c 

d 
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4.3.3 Thermal properties of the electrospun fibers 
The DSC thermograms of gallic acid and the electrospun fibers are shown in Figure 4.5. In 

Figure 4.5e, gallic acid exhibited a sharp endothermic peak corresponding to the melting 

point of 260 °C which accounts for its crystallinity. Conversely, Ze and Ze-GA fibers had 

shown a broad endotherm in the range of 40 to 100 °C with a peak at 68 °C (Figures 4.5a-d).  

 

 
Figure 4.5. DSC thermograms of different samples. (a) Ze, (b) Ze-GA 5%, (c) Ze-GA 10%, 
(d) Ze-GA 20%, (e) gallic acid powder.  
 

 

These characteristic endotherms of zein-based fibers are termed as the ‘dehydration 

temperature’ (TD), which is due to the evaporation of bound water or volatile components 

from the molecules (Luo et al., 2011; Muller et al., 2011). DSC thermograms of all the Ze-

GA fibers (Figures 4.3b-d) did not show any melting peaks of gallic acid as shown in Figure 

4.5e, suggesting that the incorporated gallic acid had lost its original crystalline structure. 

Glass transition temperature (Tg) of the Ze fibers was at 156 °C (Table 4.3) and degradation 

of Ze and all the Ze-GA fibers began at approximately 210 °C (Figure 4.5). Ze-GA 5%, Ze-
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GA 10% and Ze-GA 20% electrospun fibers had demonstrated a Tg value lower than that of 

Ze, in the range of 125 to 145 °C as shown in Table 4.3.  

 

 

Table 4.3. Glass transition temperature (Tg) of Ze and Ze-GA electrospun fibers. 
 

Gallic acid content  
(wt % in solid fibers) 

 

Tg (°C) 

0 156.30 ± 3.6 
5 145.37 ± 3.3 
10 137.40 ± 1.9 
20 124.99 ± 0.9 

 
                 Note: Data are displayed in means ± standard deviation of three replications. 

 

 

Xie et al. (2010) suggested that the reduction of Tg can be explained as a result of plasticizing 

effect of the incorporated component that formed a solid solution in the formulations. The 

results obtained suggested the existence of molecular interactions between gallic acid and 

zein. Gallic acid was integrated nicely with the zein molecules and had displayed a 

plasticizing effect that increased the mobility of zein molecular chains. 

   

4.3.4 Physical state of gallic acid in zein electrospun fibers 
Figure 4.6 illustrates the XRD patterns of gallic acid and the electrospun fibers. Various 

notable peaks were identified for gallic acid at diffraction angles 2θ of 16.1 °, 25.3 ° and 

27.6 ° as shown in Figure 4.6f suggesting that gallic acid exists as a crystalline material. To 

inspect the effect of electrospinning process on the physical state of the electrospun fibers, 

physical mixture of zein and gallic acid powder at ratio of 4:1 was prepared and the XRD 

pattern of the mixture is illustrated in Figure 4.6b. As shown in Figure 4.6b, the XRD pattern 

of the physical mixture had shown two diffraction peaks of zein powder at around 9.3 ° and 

20.3 °, and the characteristic diffraction peaks of gallic acid powder at around 16.4 °, 25.3 ° 

and 27.5 °, indicating that the gallic acid is present in a crystalline state in the mixture. After 

electrospinning, the Ze and Ze-GA fibers showed typical amorphous broad peak at around 

12.0 ° (Figures 4.6a,c-e). Ze fibers had lost the two diffraction peaks (Figure 4.6a) of raw 

zein powder at 9.3 ° and 20.3 ° as shown in XRD pattern for the physical mixture (Figure 

4.6b), which demonstrated changes on its structure and order after electrospinning. On the 
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other hand, results also have shown the loss of the signature diffraction peaks of gallic acid in 

the XRD pattern of Ze-GA 5%, Ze-GA 10% and Ze-GA 20% electrospun fibers, which 

supported the findings from DSC studies that revealed the induction of difference between 

the physical structure of gallic acid before and after the incorporation into zein. The shape 

and position of the Ze-GA 5%, Ze-GA 10% and Ze-GA 20% amorphous haloes were similar 

to the Ze electrospun fibers, which strongly suggested that Ze-GA electrospun fibers had 

retained the amorphous packing properties of the Ze electrospun fibers after the incorporation 

of gallic acid.  

 

   

 
Figure 4.6. XRD patterns of different samples. (a) Ze, (b) physical mixture of Ze-GA powder 
(4:1 w/w), (c) Ze-GA 5%, (d) Ze-GA 10%, (e) Ze-GA 20%, (f) gallic acid powder. 
 
 

 

4.3.5 Interaction between gallic acid and zein 
The ATR-FTIR spectra of gallic acid, Ze and Ze-GA fibers are presented in Figure 4.7. Ze 

has exhibited characteristic peaks at 3291 cm-1 (N-H stretching vibrations), 2957 cm-1,     

2871 cm-1, 2927 cm-1 and 2850 cm-1 (C-H stretching vibrations of aliphatic groups),         
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1644 cm-1 (amide I) and 1527 cm-1 (amide II) as shown in Figure 4.7a. The amide I peak is 

due to the C=O stretch vibrations, while the amide II peak is derived from N-H bending and 

C-N stretching vibrations. In Figure 4.7e, the characteristic peaks of gallic acid at 3491 cm-1 

and 3266 cm-1 correspond to stretching modes of the different O-H groups. The stretching 

and bending vibrations of aromatic ring C-C/C-H are mainly characterized by bands in the 

1606 to 1381 cm-1 region. The bending vibrations of C-H in the ring and O-H of the phenol 

alcohol lie within 1308 to 1174 cm-1 region. The stretching and bending vibrations of 

different C-O groups fall within the 1021 to 628 cm-1 region (Mohammed-Ziegler & Billes, 

2002).  

 

The FTIR spectra of Ze-GA 5%, Ze-GA 10% and Ze-GA 20% electrospun fibers as shown in 

Figures 4.7b-d reveal differences from those of Ze fibers. A complete disappearance of few 

signature sharp peaks of gallic acid is also observed in the spectra of Ze-GA fibers in Figure 

4.7. Figures 4.7b-d show that the O-H stretching vibration of the hydroxyl groups of gallic 

acid at 3491 cm-1 has disappeared in the spectrum of Ze-GA 5%, Ze-GA 10% and Ze-GA 20% 

electrospun fibers. The spectra were expanded over the N-H and C-H regions in Figure 4.8 

for a closer comparison, and the characteristic peak of the N-H stretching vibrations of zein 

fibers at 3291 cm-1 were observed to shift progressively to 3290 cm-1, 3288 cm-1  and       

3286 cm-1 for Ze-GA 5%, Ze-GA 10% and Ze-GA 20% electrospun fibers, respectively. On 

the other hand, only slight band shiftings were observed for the C-H antisymmetric stretch 

mode of zein from 2957 to 2959 cm-1 with the increasing amount of incorporated gallic acid 

as shown in Figure 4.9. Figure 4.7 shows the intensity of the zein amide I band at 1644 cm-1 

was reduced and shifted to 1646 and 1649 cm-1 for Ze-GA 10% and Ze-GA 20% electrospun 

fibers, respectively. Band resolution (Figure 4.10) showed that two components are present in 

this amide I band; a component centred around 1645  cm-1 due mainly to random coil 

structures, and a smaller component around 1607 cm-1 due mainly to intermolecular β sheets 

(Y. Li et al., 2009). From Figure 4.7, it can be seen that with increasing amounts of gallic 

acid, the shape and relative intensities of the amide I and II bands change. However, the 

increase in the 1607 cm-1 component (pointed by an arrow in Figure 4.7d) is most likely 

caused by the increased amounts of gallic acid, which is due to the stretching and bending 

vibrations of the aromatic ring at 1606 cm-1 (Figure 4.7e).  

 

The spectra of the Ze-GA 5%, Ze-GA 10% and Ze-GA 20% electrospun fibers clearly 

indicate the presence of additional bands due to association with the gallic acid compound. 
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However, the new peaks in the Ze-GA 5%, Ze-GA 10% and Ze-GA 20% spectra were unlike 

the spectra observed for the gallic acid monomer in Figure 4.7e. New bands at 1336 cm-1, 

1197 cm-1, 1037 cm-1, 876 cm-1, 777 cm-1 and 693 cm-1 have appeared while no changes were 

determined for bands 1308 cm-1 and 1606 cm-1. Comparison of Ze-GA 5%, Ze-GA 10% and 

Ze-GA 20% spectra with spectra of the gallic acid monomer in Figure 4.7e, and the spectra of 

gallic acid polymer as demonstrated in a study by Božič, Gorgieva, & Kokol (2012) suggest 

that new oligomeric or possibly dimeric gallic acid structures have formed in the Ze-GA 

fibers. Formation of gallic acid dimers or oligomers is supported by the band shifting at 1021 

to 1037 cm-1, which could result from bonding between the stretching vibrations of C-C and 

C-O. Gallic acid is known to be autoxidized to its semiquinone free radicals, which 

consequently generates hydroquinone (Gil-Longo & González-Vázquez, 2010). Oligomer 

forming structures of gallic acid are originated by C-C coupling between the benzene rings 

and C-O-C coupling involving phenolic side chains as demonstrated in Figure 4.7f (Božič et 

al., 2012). The changes in the spectrum of the Ze fibers indicate that interactions between the 

new gallic acid structures and the protein functional groups have occurred, in particular the   

N-H, methyl, and amide bands. This indicates that bonding might have taken place between 

the gallic acid compound and zein.  

 

The overall results confirm the chemical interactions of gallic acid and zein which might have 

demonstrated structural changes on both components. The interactions between gallic acid 

and zein at the molecular level had shown promising results on their compatibility which also 

might favour the stability of the composite fibers to avoid solid phase separations as 

suggested by Shen et al. (2011) in electrospinning of Eudragit® L 100-55 nanofibers. 
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Figure 4.7. ATR-FTIR spectra of different samples. (a) Ze, (b) Ze-GA 5%, (c) Ze-GA 10%, (d) Ze-GA 20%, (e) gallic acid powder, (f) possible 
dimer/oligomer-forming structure of gallic acid.
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Figure 4.8. ATR-FTIR spectra for N-H and C-H regions of Ze and Ze-GA electrospun fibers. 

 

 

 
Figure 4.9. ATR-FTIR spectra for the C-H antisymmetric stretch mode of Ze and Ze-GA 
electrospun fibers. 
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Figure 4.10. Band resolution of Ze fibers.  

 

4.3.6 Thermal stability of the electrospun fibers 
TGA analyses were performed to study weight change of the electrospun fibers as a function 

of temperature. The weight loss curves of Ze, Ze-GA fibers and gallic acid from 40 to 600 °C 

are shown in Figure 4.11a. The extent of weight loss was different for different temperature 

ranges and samples. The weight loss in the first zone (below 160 °C) is usually attributed to 

evaporation of water and volatile components. The weight loss of pure gallic acid occurred in 

the range of 210 to 300 °C as shown in Figure 4.11a-5.  

 

The temperature which gives the highest rate of weight loss in the derivative 

thermogravimetry (DTG) thermogram is generally taken as ‘degradation temperature’ (Td) 

of the component (Yoksan, Jirawutthiwongchai, & Arpo, 2010). The interpretation of DTG 

curve (Figure 4.11b) revealed that the Td of gallic acid was 275 °C. The DTG curve for Ze 

fibers suggested that the thermal events happened slowly after 160 °C and most of the mass 

loss took place in the range of 230 to 390 °C, which is due to protein degradation as shown in 

Figure 4.11b-1. Figure 4.11b also shows that the area of the peak at approximately 231 °C 

increases with the increase of the gallic acid content in the fibers whereas the peak for zein 

degradation decreases at approximately 320 °C. There were no significant changes detected 
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on the Td value corresponding to zein (313 °C and 320 °C) after the incorporation of gallic 

acid. However, Td value of gallic acid had shifted from 275 °C to around 231 °C. The 

degradation peak of pure gallic acid in the DTG curve is interpreted as a melting temperature 

of a crystalline region. Hence the change of gallic acid physical status consequently shifted 

the Td to a lower temperature. Results obtained again implied the successful loading of gallic 

acid into zein electrospun fibers. By comparison with the TGA curve of Ze (Figure 4.11a-1), 

Ze-GA 5%, Ze-GA 10% and Ze-GA 20% electrospun fibers had shown a new level of weight 

loss at temperature in the range of 200 to 250 °C corresponded to Td of gallic acid.  

 

 

 
Figure 4.11. Thermograms (a) and their first derivatives (b) of (1) Ze, (2) Ze-GA 5%,          
(3) Ze-GA 10%, (4) Ze-GA 20%, (5) gallic acid powder. 

a 

b 
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4.3.7 Loading efficiency of gallic acid in zein electrospun fibers 
The UV-Vis spectra of Ze and Ze-GA 20% electrospun fibers as well as gallic acid standard 

solution were recorded using a spectrophotometer. Both the gallic acid standard solution and           

Ze-GA 20% have maxima around the region of 280 nm, whereas the Ze fibers showed no 

absorption bands at that region (Figure 4.12).  

 

 

 
Figure 4.12. UV/Vis spectra of (a) Ze, (b) gallic acid standard solution, (c) Ze-GA 20%.  
 
 
 
Results obtained suggested that the Ze-GA electrospun fibers still retained its phenolic 

characteristics which showed absorbance peaks at 280 nm. The loading efficiency of gallic 

acid in zein fibers was calculated using equation (1) and tabulated in Table 4.4. The loading 

efficiency varied from 99 to 105 % indicating almost 100 % of the gallic acid was loaded into 

zein electrospun fiber mats. The results obtained suggested that electrospinning is an efficient 

tool for one-step preparation of nanostructured material containing the targeted concentration 

of functional component. 
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Table 4.4. Loading efficiency (%) of Ze-GA electrospun fibers.  
 

Gallic acid content  
(wt% in solid fibers) 

 

Gallic acid  
loading efficiency (%) 

 
0 - 
5 104.50 ± 3.1 
10 100.17 ± 3.3 
20 99.40 ± 5.0 

 
                 Note: Data are displayed in means ± standard deviation of three replications. 

 

 

4.3.8 Antioxidant activity of the electrospun fibers 
Table 4.5 shows the antioxidant activity of the electrospun fibers in 80 wt% ethanol aqueous 

solutions. Gallic acid reduces the DPPH• radicals into DPPH-H by acting as a donor of a 

hydrogen atom or an electron (Chuysinuan et al., 2009). The DPPH scavenging abilities of 

the Ze-GA electrospun fibers varied from 58 to 89 %, while that the Ze fibers also exert a 

small effect (6 % of scavenging abilities) on the DPPH solutions. However, all the Ze-GA 

fibers demonstrated much higher DPPH radical scavenging activities compared to the Ze 

fibers (Table 4.5).  

 

 

Table 4.5. Antioxidant activity (%) of Ze and Ze-GA electrospun fibers. 
 

Gallic acid content  
(wt % in solid fibers) 

 

Antioxidant activity (%) 

0 5.57 ± 2.2 
5 58.08 ± 5.7 
10 87.03 ± 6.7 
20 88.60 ± 7.6 

 
                          Note: Data are displayed in means ± standard deviation of three replications. 

 

 

 

The antioxidant activity of the gallic acid in the electrospun fibers before and after 

electrospinning was determined by comparing the difference between their DPPH scavenging 

abilities as shown in Figure 4.13. The results obtained suggested that there was no significant 
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difference for DPPH scavenging activity of gallic acid before and after the electrospinning 

process. Based on the present observations, it can be concluded that the incorporated gallic 

acid has retained its antioxidant activity, despite the interactions that took place between 

gallic acid and zein after electrospinning.         

           

           

  
 
Figure 4.13. Antioxidant activity of loaded gallic acid before and after electrospinning.  
Ze-GA 5%, Ze-GA 10%, and Ze-GA 20% are zein electrospun fibers with 5 wt%, 10 wt% 
and 20 wt% gallic acid in solid fibers, respectively. Theoretical loaded concentrations of 
gallic acid before electrospinning are 50 mg L-1, 100 mg L-1, and 200 mg L-1, correspondingly. 
 
 

4.4 Conclusion 
Gallic acid was successfully incorporated into zein fibers through electrospinning at different 

loading ratios in this chapter with the goal to obtain functional nanostructured fiber mats 

exhibiting antioxidant activity. Viscosity had shown a slight increase upon raising the content 

of loaded gallic acid while the solution conductivity was in reverse order. Increasing amount 

of gallic acid had led to a larger fiber diameter without compromising the beadless 
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morphology of zein electrospun fibers. The produced zein fibers incorporated with 5-20 % of 

gallic acid have exhibited diameters ranging from 327 to 387 nm. XRD, DSC and ATR-FTIR 

results indicated that possible chemical interactions occurred between gallic acid and zein at 

the molecular level, with the gallic acid component exhibiting different physical state and 

possible formation of dimer/oligomeric structures as demonstrated in the ATR-FTIR spectra. 

The degradation temperature of the   Ze-GA fibers had shifted to a slightly lower temperature 

compared to the pure gallic acid powder due to the changes in its physical status. 

Nevertheless, the results obtained also indicated that the loaded gallic acid preserved its 

phenolic character and antioxidant activity after electrospinning. In conclusion, this chapter 

has given insight into the physicochemical changes of Ze-GA electrospun fibers. The 

fabricated nanostructured electrospun fibers connects the rising world of functional materials 

in food nanotechnology and matches the long term goal of the project as a potential food 

contact material.  

 

 

115 
 



CHAPTER 5: 
Evaluation of gallic acid loaded zein  

electrospun fiber mats as novel active packaging materials 
__________________________________________________________________________________ 

5.1 Introduction 
 
The customization of food packaging to extend shelf life, while sustaining the quality of the 

product within is a concept termed active packaging, which has received interest in recent 

years in response to market changes and consumer demands (Vermeiren, Devlieghere, van 

Beest, de Kruijf, & Debevere, 1999). For example, a good active packaging design may 

incorporate antioxidant and antimicrobial agents into a biodegradable material with excellent 

gas and liquid barrier properties. In particular, food packaging with antimicrobial properties 

has received attention in recent years due to the commercial and health problems associated 

with outbreaks of illness due to foodborne pathogens (Newell et al., 2010), and the quest to 

extend the shelf life of food products through milder preservation techniques (Vermeiren et 

al., 1999). To date, active packaging approaches have been extended to biopolymer-based 

packaging involving coatings and films created from proteins, polysaccharides and lipids 

(Devlieghere et al., 2004; Jumaa, Furkert, & Müller, 2002; Oussalah, Caillet, Salmiéri, 

Saucier, & Lacroix, 2004). 

  

Biodegradable biopolymer-based materials are able to provide innovative solutions to 

environmental problems through the reduction of waste injection into landfills, and also as 

alternatives to materials produced from depleted natural resources (Rhim & Ng, 2007). Such 

biopolymer-based packagings are usually prepared via solution casting and extrusion. 

Nevertheless, Vega-Lugo & Lim (2009) had suggested that the controlled release of the 

incorporated active component from conventional biopolymer films may be constrained due 

to the limited surface area available from such packaging. As a result, research efforts have 

been focused on the fabrication of nanostructured active biopolymer-based packaging 

through electrospinning process (Dheraprasart et al., 2009; Pérez-Masiá, López-Rubio, & 

Lagarón, 2013). Electrospinning is a simple and versatile method for producing fibers in the 

scale of few nanometres to micrometres. It involves the application of an electrical field to 

continuously draw the polymer solution from a syringe needle towards a grounded collector 

(Neo et al., 2012). The electrospun fibrous mats generally exhibit a large surface area to 

volume ratio due to the high porosity and nano to micron structure of the fibers. The advent 

of electrospinning has opened up new prospects towards the development of nano-

Part of this chapter has been published as: 
Neo, Y. P., Swift, S., Ray, S., Gizdavic-Nikolaidis, M., Jin, J., & Perera, C. O. (2013). Evaluation of gallic acid loaded  
zein sub-micron electrospun fibre mats as novel active packaging materials. Food Chemistry, 141(3), 3192-3200.  
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architectured materials with enhanced properties for applications as food contact materials, 

including the packaging of food for retail or other applications as well as for the storage, 

transport and processing of agricultural products (Bradley, Castle, & Chaudhry, 2011).   

 

Natural phenolic compounds have been documented to possess potent antioxidant and 

antimicrobial properties. Research has been conducted to incorporate different types of 

phenolics into active packaging materials, as natural ingredients are deemed to be preferred 

by the consumers (Alkan et al., 2011). Gallic acid was selected as the model phenolic 

compound in the present studies due to its simple structure, good antioxidant properties and 

ubiquity in plants. Zein is a prolamin extracted from maize with distinctive amino acid profile 

that is high in Glutamine (Gln), Leucine (Leu), Proline (Pro) and Alanine (Ala). Zein 

portrays low solubility in aqueous solutions and has been proposed to have barrier properties 

for transport of gases, water vapour or solutes (Hsu, Weng, Liao, & Chen, 2005). Zein films 

have been applied as edible coatings on nuts to delay rancidity, and on tomatoes to delay 

colour changes, weight loss and to maintain firmness during storage (Cagri, Ustunol, & Ryser, 

2004). The previous chapter has demonstrated successful incorporation of gallic acid in zein 

electrospun fibers at different loading ratios with average fiber diameters ranging from 327 to 

387 nm. In this chapter, the potential of gallic acid loaded zein (Ze-GA) electrospun fibers as 

a prospective active packaging was investigated for the first time. The findings provide 

evidence for the efficacy and effectiveness of Ze-GA electrospun fiber mats for food contact 

applications, by evaluating their surface chemistry, water activity (aw), optical properties, 

storage stability, release performance, mechanism of action, cytotoxicity and antimicrobial 

abilities. 

5.2 Materials and Methods 

5.2.1 Materials 
Zein (Z 3625), phosphate buffered saline (PBS) tablets, and resazurin sodium salt were 

purchased from Sigma Aldrich (St. Louis, MO, USA) and used without further purification. 

Gallic acid standard was obtained from Acros Organics (Geel, Belgium). Ethanol (ACS grade) 

was purchased from ECP Ltd (Auckland, New Zealand). Milli-Q water (18 MΩcm, Millipore, 

Bedford, MA, USA) was used for all solution preparations. For mammalian cell culture 

experiments using murine fibroblast cell line L929 (ATCC CCL-1), Dulbecco’s Modified 

Eagle Medium (DMEM), Trypan blue solution and foetal calf serum (FCS) were obtained 
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from Life Technologies (Gaithersburg, MD, USA). Cell culture was performed in 24-well 

tissue culture plate (TCP) (Nunc, Roskilde, Denmark) and fluorescence readings were taken 

in black 96-well plates (Perkin Elmer, MA, USA), formaldehyde was obtained from Scharlau 

(Bacelona, Spain). For the culture of Candida albicans ATCC 10231, Escherichia coli ATCC 

2922 and Staphylococcus aureus ATCC 6838, brain heart infusion broth (BHI) and Difco 

agar were purchased from Fort Richard (Auckland, New Zealand).    

 

5.2.2 Electrospinning process 
The zein and gallic acid incorporated zein solutions were prepared and electrospun as 

described in our previous chapters. Briefly, zein solution was prepared at a concentration of 

25 wt% by dissolving zein powder in 80 wt% ethanol aqueous solutions under constant 

stirring using magnetic stirrer at approximately 21 to 24 °C. Zein electrospun fibers 

containing various amount of gallic acid in the solid fibers were prepared by first dissolving 

gallic acid in 80 wt% ethanol aqueous solutions, followed by dissolving zein powder to 

obtain 25 wt% zein solutions. The final content for the gallic acid in the solid fibers were 5 

wt%, 10 wt% and 20 wt%, meaning gallic acid-to-zein weight ratio of 1:19, 1:9, 1:4 in the 

dry fibers, correspondingly. These electrospun fibers were designated as Ze (for pure zein 

with no gallic acid incorporation), Ze-GA 5%, Ze-GA 10% and Ze-GA 20%, respectively. 

The solutions were placed in 5 mL syringes that were driven by a syringe pump (Cole Parmer, 

Vernon Hills, IL, USA) to give a solution feed rate of 0.8 mL hr-1. The positive electrode of a 

direct current power supply (High voltage power supply series 230, Bertan, Hicksville, NY, 

USA) was connected to a 20 gauge needle (i.d of 0.61 mm) of a syringe and the negative 

terminal to a grounded collector covered with aluminium foil. The applied voltage was 16 kV 

with a distance between needle tip and collector of 13 cm for the electrospinning process. The 

as-spun electrospun fibers were dried for 12 hr in vacuum oven (2”, 51 mm Hg) at 21 °C. 

 

5.2.3 X-ray Photon spectroscopy (XPS) 
The surface chemistry of the Ze and Ze-GA fibers was examined using a Kratos Axis 

UltraDLD X-ray Photon spectroscopy (XPS, Kratos Analytical Ltd., Manchester, England). 

XPS measurements were carried out using monochromatic Al Kα X-rays (1486.69 eV) with 

the X-ray source operating at 150 W. The analysis area was a 300 by 700 µm spot. The core 

level scans were collected with 20 eV pass energy and the analysis chamber was at 10-9 Torr 

throughout data collection. Energy calibration was performed using the C 1s line at 285 eV as 
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reference for Ze and Ze-GA fibers, but 284.7 eV for gallic acid powder. A charge neutraliser 

system was used to compensate for sample charging. Data analysis was performed using 

CasaXPS 2.3.15 software (Casa Software Ltd., Teignmouth, UK) and the measurements were 

carried out in duplicate. 

 

5.2.4 Water activity (aw) 
Water activity (aw) of the Ze and Ze-GA fiber mats were measured using a water activity 

meter Aqualab 4TE (Decagon, Pullman, WA, U.S.A). The measurements were carried out in 

triplicate. 

 

5.2.5 Colour measurement 
Instrumental colour analyses of the Ze and Ze-GA fiber mats were determined using a CR300 

colorimeter (Minolta, Osaka, Japan) to provide background information of their optical 

properties. L* value describes lightness, where L* = 0 is black and L* = 100 is close to white; 

a negative a* represents greenness and a positive a* is redness; a negative b* indicates 

blueness while a positive b* is yellowness.  Measurements were made directly on the fiber 

mats and the standard values for the white calibration plate were L* = 96.86, a* = -0.02 and 

b* = 1.99. The measurements were carried out in triplicate. 

 

5.2.6 Stability test  
Ze and Ze-GA fiber mats were stored individually in zip-lock plastic bags in a dark 

environmental chamber for different periods of time at 22 °C, relative humidity of 

approximately 58 %. After 1, 20, 40 and 60 days of storage, thermogravimetric analyses 

(TGA) and attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy 

were performed on the electrospun fiber mats. TGA was conducted using a TGA-Q5000 (TA 

Instrument, New Castle, DE, USA) equipment under nitrogen (flow rate of 25 mL min-1) at a 

heating rate of 10 °C min-1 from 40 to 600 °C. The measurements were carried out in 

triplicate. The ATR-FTIR spectra were recorded on a Thermo Electron NICOLET 8700 FTIR 

spectrophotometer using the Smart Orbit ATR accessory with diamond crystal, single bounce 

at 45 ° (Thermo Electron Corporation, Waltham, MA, USA) over the wave number region of 

600 to 3600 cm-1. Interferograms were averaged for 32 scans at 4 cm-1 resolution. The 

measurements were carried out in triplicate and the signals were processed using the OMNIC 

5.0 spectroscopic software (Nicolet Instrument Corp., Madison, WI). Next, the stability test 
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was repeated again by storing a new batch of Ze and Ze-GA fiber mats individually at 60 °C 

for 30 days. The ATR-FTIR spectra were recorded and the measurements were carried out in 

duplicate.  

 

5.2.7 Release assay 
The release characteristic of gallic acid from the Ze-GA electrospun fibers were determined 

by a modification of total immersion method by Tungprapa et al. (2007a) in Milli-Q water. 

Briefly, 20 mg of the electrospun fiber mat was submerged in 40 mL of Milli-Q water at      

23 °C under gentle stirring. An aliquot of 50 µL of the solution was withdrawn at specified 

time intervals, ranging between 0 and 125 min and diluted with 450 µL of Milli-Q water. The 

sample solutions were filtered through a cellulose acetate 0.45 µm (Phenomenex, Torrance, 

CA, USA) syringe filter before the subsequent high performance liquid chromatography 

(HPLC) injection. The amount of the released gallic acid was quantified by HPLC using a 

Phenomenex Luna C18 column (250 mm x i.d. 4.6 mm, 5 µm particle size) according to the 

previously published method by Neo, Ariffin, Tan, & Tan  (2010). Briefly, isocratic elution 

was carried out with a mobile phase consisting of water/methanol (82:18 v/v) containing 2 % 

(v/v) acetic acid, at a flow rate of 1 mL min-1. A diode array detector was used for detection 

of gallic acid and the HPLC profiles were obtained at 280 nm. The injection volume for all 

samples was 20 μL. Identification of gallic acid was based on retention times in comparison 

with standards. The concentration of the gallic acid was calculated using peak area and the 

calibration curves obtained from the gallic acid standard solutions. 

 

5.2.8 Release mechanism 
In order to examine the mass transport mechanisms of the incorporated gallic acid, the release 

profile of gallic acid from Ze-GA fibers in Milli-Q water (hydrophilic model) at 23 °C was 

fitted to Ritger and Peppas equation: 

 

Mt/M∞  =  ktn                                    (1) 

 

where Mt is the quantity of gallic acid released (mg L-1) at any time t (min); M∞ is the 

quantity of gallic acid at the last t of the measurements, which in principle corresponds to the 

initial loading; k is the release rate constant, and n indicates the release exponent.  
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The release exponent (n) was determined by minimizing the difference between equation (1) 

and logarithmic plot of the experimental curves using solver tool in Microsoft excel. In 

addition to that, four more kinetic release models were used to further analyse the release 

profile by fitting the experimental data to diffusion models as followed: 

 

Zero-order model:  Mt/M∞ = kt         (2) 

First-order model: ln (1 - Mt/M∞) = - kt       (3) 

Higuchi model: Mt/M∞ = kt1/2                                                                            (4) 

Hixson-Crowell model: (1 - Mt/M∞)1/3 = - kt                                                 (5) 

 

5.2.9 Cytotoxicity assays 
The resazurin metabolic assay was conducted to determine biocompatibility of Ze and Ze-GA 

fiber mats to murine connective tissue (L929) fibroblast cells by following a slight 

modification of previous studies (Serrano et al., 2004) as explained below.  

 

5.2.9.1 Cell culture 
The L929 fibroblast cells were cultured in DMEM supplemented with 10 % (v/v) FCS with 1 % 

(w/v) penicillin and streptomycin (Gibco, Invitrogen, Carlsbad, CA, USA) and incubated at 

37 °C in a humidified atmosphere of 5 % CO2 in air. Cells were released from the monolayer 

by 0.05 % trypsin (SAFC Biosciences, Lenexa, KS, USA) in PBS prior to the 

biocompatibility assay. The number of viable cells was counted after staining by 0.2 % 

solution of Trypan blue dye using a haemocytometer and diluted to a density of 105 live cells 

per mL  in DMEM for seeding to each sample. 

 

5.2.9.2 Determination of cell proliferation 
The electrospun fibers were collected as a thin layer on different coverslips (CS) for the assay. 

The samples (Ze, Ze-GA fibers), blank CS and 24-well TCP were sterilized by UV irradiation 

in a biosafety cabinet for 30 min on both top and bottom surfaces before the seeding of L929 

fibroblasts cells. The L929 fibroblast cells were allowed to attach to the samples for 24 hr at 

37 °C in a humidified atmosphere of 5 % CO2 in air. The proliferation of the cells seeded on 

each sample was determined by resazurin reduction assay. TCP wells without L929 fibroblast 

cells were used as blank and cells grown on the TCP and blank CS were used as control. 

Briefly, the seeded fibroblast cells were washed with 1 mL of DMEM and were treated with 
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500 µM resazurin in DMEM. After 4 hr of incubation at 37 °C and 5 % CO2 in air, the 

resazurin containing media were collected and analysed by fluorometric measurement at 

excitation of 530 nm and emission of 590 nm using EnSpire 2300 multilabel reader (Perkin 

Elmer, MA, USA). The cells were washed with PBS followed by the addition of 1 mL of 

fresh DMEM to each well and the samples were incubated at 37 °C and 5 % CO2 in air again. 

The process was repeated over the course of 4 days and all experiments were carried out in 

triplicate. The resazurin fluorescence from each well was plotted against time and the area 

under the curve (AUC) was calculated using GraphPad Prism v5.02 (GraphPad software, San 

Diego, CA, USA). AUC values for each well were normalized to the TCP well for each 

biological replicates. 

 

5.2.9.3 Morphology of the proliferated L929 fibroblasts on the electrospun fibers 
The morphology of L929 fibroblast cells after 4 days of direct contact with the electrospun 

fibers was monitored in order to study the cell behaviour in the presence of Ze and Ze-GA 

fibers as suggested by previous studies (Gizdavic-Nikolaidis, Ray, Bennett, Easteal, & 

Cooney, 2010). First, the fibroblast cells were washed twice with PBS to remove the 

remaining media constituents, followed by fixing in 4 % methanol free formaldehyde in PBS 

at room temperature for 10 min. The cells were washed twice with PBS again to remove the 

fixative and were permeabilized in 0.1 % Triton-X 100 (PlusOne grade, GE Healthcare, 

Orsay, France) in PBS for 5 min. After washing the fibroblast cells twice using PBS, the cells 

were stained with 1 U of Phalloidin-Texas red conjugate from Molecular Probes (Invitrogen, 

Carlsbad, CA, USA) in PBS for 20 min at room temperature (21 to 24 °C). The cells were 

washed twice with PBS after the staining and were left to air-dry to complete dryness. The 

air-dried fibroblast cells were mounted in Prolong Gold, an anti-fading medium with 4',6-

diamidino-2-phenylindole (DAPI) from Molecular Probes (Invitrogen, Carlsbad, CA, USA). 

The morphology of the fibroblast cells was examined using epifluorescence microscopy 

(Nikon Eclipse E600, Nikon, Japan) subsequent to the mounting. 

 

5.2.10 Antimicrobial efficacies of the electrospun fibers 
The antimicrobial activities of Ze and Ze-GA fibers were tested against S. aureus, E. coli and 

C. albicans according to Japanese Industrial Standard (JIS Z2801:2000) assay. The 

electrospun fibers deposited on aluminium foil were cut into 5 x 5 cm2 squares 

(approximately 20.5 ± 8 mg per sheet). A non-antimicrobial styrene-ethylene-butylene-
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styrene/polypropylene (SEBS/PP) blend that served as the cover of electrospun fiber sheets 

during the assay were cut into 4 x 4 cm2 squares. The samples (electrospun fiber and 

SEBS/PP squares) were sterilized under UV irradiation on both sides for 30 min before the 

bacterial or yeast inoculation. Stock cultures of the bacteria (S. aureus, E. coli) or yeast (C. 

albicans) were sub-cultured overnight at 37 °C in BHI broth and diluted into saline to a 

concentration of approximately 107 colony forming units (CFU) mL-1, and 100 µL of this 

(approximately 106 CFU) was used to seed each of the sterile electrospun fiber squares. The 

SEBS/PP squares were aseptically transferred onto the electrospun fibers. The bacteria or 

yeast suspension was spread evenly across the surface of the fiber mat and incubated at 37 °C 

for 24 hr. After incubation, fiber mat and SEBS/PP sheet were aseptically separated and 

placed into a sterile bag with 10 mL of tryptic soy broth (TSB) + 0.5 % v/v Tween 20 (BD 

Bioscience, Franklin Lakes, NJ, USA). Each bag was stomached for two 30 s intervals to 

release the viable bacteria remaining from the fiber mat. The number of CFU released were 

enumerated by a) plating 0.1 mL aliquots of serial tenfold dilutions onto BHI agar; and b) 

pour plates of 9 mL stomacher liquor mixed with 11 mL molten BHI agar at 55 °C. All 

experiments were carried out in triplicate on three independent occasions. 

 

5.2.11 Statistical analysis 
Statistical analysis was performed using MINITAB 13.0 software (Minitab Inc., State 

College, PA, USA) and GraphPad Prism v5.02 software (GraphPad software, San Diego, CA, 

USA) for biological assays. The data for water activity and colour measurements were 

compared using analysis of variance (ANOVA) at 5 % significance level. All values are 

reported as means of three determinations, and the results were expressed as mean values ± 

standard deviation. The collected values for the cytotoxicity assay were examined by 

D’Agostino & Pearson omnibus normality test to facilitate the distribution pattern of the data 

sets. Non-parametric test of Kruskal-Wallis statistic was performed as the data showed a non-

normal distribution.  

5.3 Results and discussion 

5.3.1 Surface chemistry of the electrospun fibers 
XPS was conducted in this study in order to determine the extent of gallic acid incorporation 

on the surface of the electrospun fiber mats. Percentage of atomic concentration for chemical 

moieties on the near surface region (~ 3 nm depth) of the mats can be obtained through the 
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XPS data, and the area under the spectra peak is proportional to the given atom intensity 

(Deitzel, Kosik, McKnight, Beck Tan, DeSimone, & Crette, 2002). The atomic surface 

compositions of the electrospun fiber mats are shown in Table 5.1. Results obtained showed 

increase of oxygen atom (from 12.2 to 16.1 %) on the surface with increased content of gallic 

acid within the fiber mats as shown in Table 5.1. Figure 5.1 and Figure 5.2 show the 

deconvoluted curves for high resolution C 1s and O 1s spectra for Ze and Ze-GA fiber mats. 

C 1s spectra for all the electrospun fiber mats consist of four components, which are the 

aliphatic carbons (C-C/C-H) at around 284.9 eV, C-OH group at approximately 286.6 eV, 

C=O group at 287.9 eV region and C-N at near 285.9 eV. Ze-GA 20% had demonstrated 

higher peak intensity at 286.6 eV region (23.6 %, Figure 5.1d), which implied the rising 

content of C-OH group that was contributed by the presence of gallic acid as compared to Ze 

(14.7 %, Figure 5.1a). The implication was further affirmed through the intensity reduction of 

C-N spectra of the electrospun fibers at 285.9 eV region (9.0 to 0.8 %, Figure 5.1b-d), which 

was solely attributed to zein. Three components were found in the O 1s spectra at 532.3 eV 

for C=O group, 532.9 eV for C-OH group and 533.6 eV for the aromatic (ar)-OH group. The 

results obtained supported the C 1s findings by showing an increase in peak intensity at the 

533.6 eV region (9.5 to 13.1 %, Figure 5.2) with the increasing content of loaded gallic acid 

in the Ze-GA fibers, which was contributed by the ar-OH group of gallic acid. He et al. (2006) 

suggested that during electrospinning, the flash solvent evaporation and ionic strength will 

tend to localize the active component on or near the fiber surface. The XPS analyses 

confirmed that the incorporation of gallic acid through electrospinning had altered the surface 

chemistry of zein fiber mats, which in turn may introduce new properties to these nanofibrous 

mats. 

 

Table 5.1. Atomic concentrations generated from XPS wide energy survey scans. Ze,         
Ze-GA 5%, Ze-GA 10%, and Ze-GA 20% are zein electrospun fibers with 0 wt%, 5 wt%,   
10 wt% and 20 wt% gallic acid in solid fibers, respectively. 
 

Samples C (%) O (%) N (%) 
 

Ze 76.77 12.19 11.04 
Ze-GA 5% 73.91 14.07 12.01 
Ze-GA 10% 73.71 14.98 11.31 
Ze-GA 20% 73.68 16.1 10.22 

 
Note: C, O and N are the abbreviations for carbon, oxygen and nitrogen.   
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Figure 5.1. C 1s spectroscopy of (a) Ze, (b) Ze-GA 5%, (c) Ze-GA 10%, (d) Ze-GA 20% electrospun fiber mats. 
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Figure 5.2. O 1s spectroscopy of (a) Ze, (b) Ze-GA 5%, (c) Ze-GA 10%, (d) Ze-GA 20% electrospun fiber mats. 
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5.3.2 Water activity (aw) of the electrospun fiber mats 
The aw of the electrospun fibers were measured and the results are shown in Table 5.2. 

Results suggested that the incorporation of gallic acid did not affect the aw of Ze electrospun 

fiber mat. The aw of the electrospun fiber mats ranged from 0.45 to 0.46 and was not 

significantly different (P > 0.05) from each other.  

 

Table 5.2. Water activity (aw) of Ze and Ze-GA electrospun fibers. 
 

Gallic acid content  
 (wt% in solid fibers) 

 

Water activity 
(aw) 

 
0 0.446 ± 0.009 a 
5 0.457 ± 0.002 a 
10 0.447 ± 0.004 a 
20 0.446 ± 0.012 a  

 
Note: Data are displayed in means ± standard deviation of three replications. Means in each column 
bearing different superscripts are significantly different (P < 0.05). 
  
 

Water is one of the crucial factors that will determine the storage stability of a glassy protein 

matrix. Glass transition temperature (Tg) of the protein will decrease with the increase of 

water activity. As a result, the glassy state of the amorphous zein protein matrix will turn to a 

rubbery state, which will affect the long term stabilization of the incorporated gallic acid. 

Results obtained provided information on the availability of water for degradation reactions. 

The low aw value of the electrospun fiber mats is desirable as a packaging material because 

the migration of water molecules to the coated product is not favoured. It also implies the 

possible stability of the incorporated gallic acid in zein electrospun fiber mats for storage, 

which was further determined thermally and chemically in the subsequent section (5.3.4).     

 

5.3.3 Colour measurement of the electrospun fiber mats 
The appeal of a product is mainly determined visually with colour as the most prominent 

visual feature. The colour measurement is crucial as it will impact the consumer’s approval of 

a product. The colour of Ze and Ze-GA fiber mats was expressed in L*, a* and b* values as 

shown in Table 5.3.  
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Table 5.3. Reflectance (Hunter L*. a*. b*) values of Ze and Ze-GA electrospun fibers. 
 

Gallic acid content  
(wt% in solid fibers) 

 

L* 
 

a* 
 

b* 

0 96.49 ± 0.55 b 0.034 ± 0.08 d 1.368 ± 0.99 f 
5 94.81 ± 1.32 c  0.178 ± 0.06 e 0.895 ± 0.25 f 
10 95.68 ± 0.80 bc 0.187 ± 0.12 e 2.512 ± 0.59 g 
20 94.98 ± 1.16 c 0.133 ± 0.10 de 1.465 ± 0.58 fg 

 
Note: Data are displayed in means ± standard deviation of three replications. Means in each column 
bearing different superscripts are significantly different (P < 0.05). 
 
 
The electrospun fibers showed L* values ranging from 94.8 to 96.5, indicating a colour which 

is close to white. The incorporation of gallic acid reduced the L* value of the fiber mats 

significantly (P < 0.05). Ze-GA fibers exhibited higher positive a* values compared to Ze 

fibers indicating that they were redder than the Ze fibers, while Ze-GA 10% displayed a 

higher positive b* value compared to the others indicating that they were yellower than the 

others. Conventional single layer zein films had a mean L*, a* and b* values of 93.29, -7.00 

and 41.21 (Weller, Gennadios, & Saraiva, 1998). The greater value of +b* and –a* of 

conventional single layer zein film is due to the intense yellowish colour of zein as compared 

to the electrospun fiber mats that exhibit a whitish appearance. The lighter colour of the 

electrospun fiber mats would be more acceptable as a food packaging material than the darker 

colour films. 

 

5.3.4 Time dependence stability of the electrospun fibers 
The stability of Ze and Ze-GA electrospun fibers was studied using TGA and ATR-FTIR. 

Chapter 4 had revealed the weight loss curves of the electrospun fibers where the thermal 

events slowly happened at temperatures greater than 160 °C, and Ze-GA fibers had exhibited 

a degradation temperature of approximately 231 °C. The previous chapter (section 4.3.5) also 

demonstrated the presence of new bands at 1336 cm-1, 1197 cm-1, 1037 cm-1, 876 cm-1,      

777 cm-1 and 693 cm-1 in the ATR-FTIR spectra, which was correlated to the incorporation of 

gallic acid. In the present chapter, TGA and ATR-FTIR were performed on the electrospun 

fiber mats up to 60 days of storage at room temperature to verify their stability over a long 

period of time. A deviation from the initial TGA weight loss curves and ATR-FTIR spectra 

of the Ze-GA electrospun fiber mats would suggest a deterioration of gallic acid in Ze fibers 

over a period of time. Figure 5.3 and Figure 5.4 show the weight loss curves and the ATR-
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FTIR spectra of the Ze and Ze-GA fiber mats. The curves and spectra of the Ze and Ze-GA 

fibers up to 60 days of storage were not extensively varied as compared with the initial results. 

The chemical stability of Ze and Ze-GA electrospun fiber mats after 30 days of storage at 

60 °C also demonstrated no variation on the collected ATR-FTIR spectra between the stored 

and freshly electrospun fibers (Figure 5.5). These results showed stability of the electrospun 

fiber mats thermally and chemically as a packaging material.  

 

 

 

 
 
 
Figure 5.3. Combined TGA thermograms of Ze and Ze-GA electrospun fiber mats after 1, 20, 
40 and 60 days of storage period. (1) Ze, (2) Ze-GA 5%, (3) Ze-GA 10%, (4) Ze-GA 20%. 
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Figure 5.4. ATR-FTIR spectra of Ze and Ze-GA electrospun fiber mats after 1, 20, 40 and 60 
days of storage period. (a) Ze, (b) Ze-GA 5%, (c) Ze-GA 10%, (d) Ze-GA 20%. 

c 

d 

131 
 



                 

 
 
Figure 5.5. ATR-FTIR spectra of Ze and Ze-GA electrospun fibers after 30 days of storage at 
60 °C. 
 

 

5.3.5 Gallic acid release profile in water 
Release rate and profile were investigated in the present study to gain insight on the delivery 

performance of gallic acid from zein electrospun fiber matrices to the surrounding 

environment. The previous chapter (section 4.3.7) had suggested a loading efficiency of 99-

105 %, indicating almost 100 % of the gallic acid was loaded within the electrospun fiber 

mats. These values were used to calculate the percentage release of gallic acid from the Ze-

GA electrospun fiber mats in the present study. The release performance of gallic acid from 

the Ze-GA fibers was conducted in a hydrophilic media (water) as a model food simulating 

solvent. Figure 5.6 illustrates that the electrospun fibers with different gallic acid loadings 

displayed similar release trends.  
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Figure 5.6. Release percentage of gallic acid (%) from Ze-GA electrospun fibers in a 
hydrophilic model (Milli-Q water) at 23 °C. 
 

 

It was found that the release rate of the gallic acid increased with the increasing content of 

loaded gallic acid. Ze-GA 5%, Ze-GA 10% and Ze-GA 20% demonstrated a release 

percentage of 58 %, 60 % and 78 %, respectively during the same release time (10 min of 

immersion in water). The release performance was characterized by a gradual but rapid 

release in the first 20 min corresponding to 67 to 88 % of the total loaded gallic acid and 

approximately 90 % release was detected beyond that time. There are various factors that 

contribute to the rapid release of the loaded gallic acid from the electrospun fibers, the major 

reason being the high porosity (large surface area) of the electrospun fiber mats that increases 

the diffusion and mass transfer rate of gallic acid through the electrospun fibers (Xiao, 

Davidson, & Zhong, 2011). Secondly, variation in the gallic acid release rate between the 

electrospun fibers might be due to different amounts of incorporated gallic acid presents on or 

near the fiber surface, and the findings from the XPS studies supported this hypothesis.  
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Lastly, it could be due to the fact that water is a good solvent for gallic acid (solubility equals 

to 1.1 g per 100 mL of water). 

  

5.3.6 Determination of the release mechanism 
Elucidation of the possible release mechanism of gallic acid from the zein electrospun fiber 

matrices is of special importance in order to engineer or modify the current system for 

different applications. Mathematical models provide information on the transportation of 

gallic acid from zein fiber mats that are critical to the development of sustained-controlled 

delivery systems. By incorporating the first 65 % of the gallic acid release data, the diffusion 

or release exponent (n) were determined through the Ritger and Peppas model. Ritger and 

Peppas (1987) proposed the criteria for release kinetics from swellable systems, which 

indicated n = 0.45 as Fickian diffusion; while 0.45 < n < 0.89 indicates an anomalous non-

Fickian diffusion; and n ≥ 0.89 indicates super Case II diffusion. The Ze-GA fibers showed n 

values of 0.44, 0.40 and 0.39 for Ze-GA 5%, Ze-GA 10% and Ze-GA 20%, respectively 

(Table 5.4).  

 

Table 5.4. Correlation coefficients (r2) according to the different models and diffusion/ 
release exponent (n) used for describing the release mechanisms of gallic acid from the      
Ze-GA electrospun fibers.  
 

Model Ze-GA 5% Ze-GA 10% Ze-GA 20% 
 

Peppas (r2) 
Mt/M∞ = ktn 

 

0.9526 0.9524 0.9532 

 n 
 

0.44 0.40 0.39 

Zero-order (r2) 
Mt/M∞ = kt 

 

0.8136 0.7846 0.7628 

First-order (r2) 
ln (1 - Mt/M∞) = - kt 

 

0.9261 0.9016 0.9361 

Higuchi (r2) 
Mt/M∞ = kt1/2 

 

0.9673 0.9570 0.9506 

Hixson-Crowell (r2) 
(1 - Mt/M∞)1/3 = - kt 

0.8937 0.8675 0.8887 
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Therefore, Fickian diffusion was the major release mechanism, which suggested that the 

release of gallic acid was partially attributed to the diffusion or permeation through the 

swollen zein nanofibrous matrix, and partly through the water filled pores and channels in the 

matrix structure (Sinha Roy & Rohera, 2002). Four kinetic release models were applied to the 

collected data for the explanation of possible release kinetics. Modelling analysis was carried 

out by fitting the release data until 80 % of the gallic acid was released. Analysis of 

correlation coefficient (r2) of linear relationship between the amount of gallic acid released 

and time were conducted for the 4 different models. The release kinetics for gallic acid from 

the Ze-GA electrospun fibers showed the best correlation with the Higuchi model (Table 5.4) 

with r2 ranging from 0.9506-0.9673. The Higuchi equation is commonly used to model 

diffusion-controlled release from a porous matrix (Macri, Sheihet, Singer, Kohn, & Clark, 

2012). The dissolution data was further characterized by evaluating the linearity of the 

fractional amount of gallic acid released in the Higuchi’s square root of time model (Figure 

5.7). The linear relationship suggests that gallic acid is released primarily by a diffusion-

controlled process. Nevertheless, active component generally releases from polymeric 

matrices through a combination of mechanisms (swelling, diffusion and erosion) in practice. 

Hence, it is rational to propose that the release mechanism needs to be further elucidated.  

      
Figure 5.7. Fractional release of gallic acid plotted as a function of the square root of time for 
Ze-GA electrospun fiber mats. 
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5.3.7 Cytotoxicity of the electrospun fibers 
Candidate materials for food packaging should not be cytotoxic. As an ideal potential 

bioactive packaging material, the loading of gallic acid into zein electrospun fibers should not 

release toxic products or create detrimental effect for consumer oriented applications. Hence, 

the resazurin metabolic assay was conducted on the seeded L929 fibroblast cells to determine 

the biocompatibility of the electrospun fibers. The resazurin metabolic assay is based on the 

reduction of resazurin (blue and nonfluorescent) to resorufin (pink and fluorescent) as a result 

of cell proliferation or an increase in metabolic activity without cell proliferation (Alves, 

Sousa, & Reis, 2013). To demonstrate that Ze-GA electrospun fibers were not cytotoxic, 

L929 fibroblast cells were seeded onto the electrospun fibers. Proliferation was determined 

through the measurement of fluorescence intensity for resazurin in each well, and plotted as a 

function of related florescence unit against days of growth. The metabolic activities of the 

seeded fibroblasts were estimated by calculating AUC for each test well over the course of 4 

days as shown in Figure 5.8. Next, the AUC values for each sample were normalized to the 

TCP well and presented as a box-plot as shown in Figure 5.9.  

 

        
Figure 5.8. The area under the curve (AUC) for metabolic activity of the L929 fibroblasts 
measured using resazurin assay.  
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Figure 5.9. Box-plot of L929 fibroblasts cell proliferation activity. Time course for each 
treatment relative to the mean tissue culture plate (TCP) value is plotted for L929 fibroblast 
cells grown on glass cover slips (CS) and CS coated with Ze and Ze-GA electrospun fibers. 
 
 

 

Median values for the samples are represented by the line within each box and the box 

represents 50 % of the collected experimental data. A comparison of Ze and Ze-GA 

electrospun fibers demonstrated that metabolic activity over time for L929 cells growing 

upon them showed no significant negative (cytotoxic) effect (ANOVA test, P > 0.05).  

 

Figure 5.10 illustrates the growth and attachment of L929 fibroblasts on the surface of 

electrospun fibers after the 4 days in culture using light microscopy. Overall, the results 

indicated that the Ze and Ze-GA electrospun fibers did not induce an adverse effect on the 

metabolic activity of L929 fibroblast cells.  
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Figure 5.10. Light microscopy images of L929 fibroblast cells growing and attaching on the 
electrospun fibers. (a) Ze, (b) Ze-GA 5%, (c) Ze-GA 10%, (d) Ze-GA 20%. 
 
 

 

Figure 5.11 shows the F-actins Phalloidin-Texas red and nuclei DAPI staining of L929 

fibroblast cells after 4 days of direct contact to the Ze and Ze-GA electrospun fibers. All the 

images are shown at the same magnification. The relative difference in terms of the 

magnitude is due to the difference in cell confluency. Overall, the cells were able to 

proliferate and adhere to the surface of electrospun fibers comparable to that on TCP. The 

fibroblast cells had developed a spindle like, dendritic morphology which is indicative of a 

healthy state. Images obtained confirmed the biocompatibility of Ze and Ze-GA electrospun 

fibers with L929 fibroblast cells that presented normal morphological attachment and growth. 

 

 

a b 

c d 
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Figure 5.11. Epifluorescence microscopy images of L929 fibroblast cells after staining using 
phalloidin-texas red and DAPI. The F-actins of the cells were stained with Phalloidin-Texas 
red and are shown in red. The nuclei were stained with DAPI and are shown in blue.  
(a) Ze, (b) Ze-GA 5%, (c) Ze-GA 10%, (d) Ze-GA 20%.  
 
 

5.3.8 Antimicrobial efficacies of Ze and Ze-GA electrospun fibers 
In the present study, it was found that the Ze-GA electrospun fibers exhibited antimicrobial 

efficacy towards both S. aureus and E. coli through a significant reduction of bacteria 

enumerated as compared to the Ze fibers. Figure 5.12 summarizes the dynamic range of 

reduction for approximately 21 mg of Ze-GA electrospun fibers coated on a 5 x 5 cm2 of 

aluminium foil separately towards 106-7 CFU of the Gram positive, Gram negative and yeast 

cells tested. Figure 5.12a and b depict the average reduction of the growth of S. aureus and E. 

coli by Ze-GA fiber mats as compared to Ze fiber mat. Results suggested an approximately 6-

log of reduction on the growth of S. aureus and E. coli by the Ze-GA electrospun fiber mats. 

Generally, a 5-log reduction is considered adequate for most food products on their microbial 

stability (Holah, Taylor, Dawson, & Hall, 2002). The effectiveness of Ze-GA electrospun 

fibers towards both S. aureus and E. coli is suggested to be due to the ability of gallic acid to 

disrupt the cell peptidoglycan and/or disintegrate the outer membrane of the bacteria through 

a b 

c d 
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7.50 µm 

 

7.50 µm 

 

7.50 µm 
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the chelation of divalent cations (Nohynek et al., 2006; Tranter, Tassou, & Nychas, 1993). On 

the other hand, the Ze-GA fiber mats had only a moderate effect against C. albicans with a 

log reduction of 1 to 2 (Figure 5.12c). This result agrees with other study that suggested the 

less inhibitory activities of gallic acid towards C. albicans (Binutu & Cordell, 2000).  

 

Figure 5.13 depicts the representative images of viable colonies on the electrospun fibers.  

There was approximately 100 % reduction of S. aureus and E. coli colonies on the Ze-GA 

fibers (Figure 5.13b-d) compared to the Ze fibers (Figure 5.13a) after 24 hr of incubation at 

37 °C. The Ze-GA electrospun fibers generally had demonstrated a better inhibition towards 

the S. aureus and E. coli than C. albicans (Figure 5.13) due to the antimicrobial activity 

limitations of gallic acid. The present studies clearly demonstrated that the incorporated gallic 

acid was highly effective in inhibiting the growth of S. aureus and E. coli after the 

electrospinning process. The incorporation of gallic acid had significantly improved the 

antimicrobial performance of zein as a potential active packaging material. 

 

 
 

a 
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Figure 5.12.  Effects of Ze and Ze-GA electrospun fiber mats on the growth of (a) S. aureus, 

(b) E. coli, (c) C. albicans. 

b 

c 
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Figure 5.13. Effects of Ze and Ze-GA electrospun fiber mats on the growth of (1) S. aureus, (2) E. coli, (3) C. albicans. (a) Ze, (b) Ze-GA 5%, 
(c) Ze-GA 10%, (d) Ze-GA 20%.   
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5.4 Conclusion  
A consumer desirable food contact material has to be natural, effective, easily handled and 

must not produce harmful or toxic substances with undesirable appearance and smell. 

Electrospun fiber mats present an opportunity to produce an easy and effective active 

material due to its large surface area. In this chapter, potential benefits of loading the natural 

phenolic compounds (such as gallic acid) to zein biopolymer through electrospinning process 

have been revealed. Ze-GA fiber mats displayed a whitish appearance, low water activity and 

are thermally and chemically stable after 60 days of storage at 22 °C, relative humidity of 

approximately 58 %; and 30 days of storage at 60 °C. The Ze-GA fiber mats displayed 

similar rapid release profiles, with Ze-GA 20% exhibiting the fastest release rate in water as 

compared to the others. Gallic acid diffuses from the electrospun fibers in a Fickian diffusion 

manner and the data obtained exhibited a better fit to Higuchi model. The fast release profile 

of gallic acid from the electrospun fibers is due to the large surface area and also the 

localization of gallic acid on the fiber surface, which suggested that the electrospun fiber 

mats would be good candidates for use on dry foods, as an edible coating or as part of multi-

layer structures. The incorporated gallic acid is an effective inhibitor of model Gram-positive 

and Gram-negative bacteria (Staphylococcus aureus and Escherichia coli) and a modest 

inhibitor of fungi (Candida albicans). Gallic acid retained its antimicrobial abilities after the 

electrospinning process, and greatly enhanced the antimicrobial properties of zein for 

application as an active packaging material. The Ze-GA electrospun fibers are not cytotoxic 

and exhibited antimicrobial properties. Hence, the antimicrobial properties of gallic acid are 

successfully captured and utilized by encapsulating this natural active component in a 

biopolymer through electrospinning. These attributes have rendered them as potential novel 

and safe food contact materials, which showed promising material combination desirable for 

active packaging in food industry.  
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CHAPTER 6: 
Heat curing of gallic acid loaded 

zein electrospun fiber mats 
__________________________________________________________________________________ 

6.1 Introduction 

Heat curing or dehydrothermal treatment is a process of exposing the substrate to one or more 

cycles of elevated temperature that will affect its molecular structure to rearrange (Gorham et 

al., 1992; Miller, Chiang, & Krochta, 1997). In food industry, the effect of heat treatment on 

protein has been consistently studied as a method to modify the functional properties of the 

food proteins and manufactured protein films (Ali, Ghorpade, & Hanna, 1997; Liu, Tellez-

Garay, & Castell-Perez, 2004; Muhammad, Saïd, & Thomas, 2011). For instance, heat curing 

had been applied to protein films made of soy bean, wheat gliadins, gluten and milk proteins 

(Mangavel, Barbot, Popineau, & Guéguen, 2001; Micard, Belamri, Morel, & Guilbert, 2000; 

Pérez-Gago, Nadaud, & Krochta, 1999; Rangavajhyala, Ghorpade, & Hanna, 1997; Stuchell 

& Krochta, 1994; Vachon, Yu, Yefsah, Alain, St-Gelais, & Lacroix, 2000). The results 

obtained suggested a significant difference in terms of solubility, mechanical, water barrier 

and colour properties of the heat-cured protein films. Heat treatment is proposed to induce 

protein polymerization through reactive intermediates even in the absence of carbohydrates 

(Hurrell, Carpenter, Sinclair, Otterburn, & Asquith, 1976). It is also suggested that heat 

treatment will cause protein denaturation, exposes the internal sulfhydryl group of the protein 

that promotes intermolecular disulphide bond formation (Pérez-Gago et al., 1999; Shimada & 

Cheftel, 1989). The exact mechanism is not fully understood yet. Nevertheless, the thermal 

stability and conformation of each protein are greatly depending on its amino acid 

composition. The amino acid profile will influence the nature and proportion of covalent or 

non-covalent interactions that can form between the protein chains (Denavi, Tapia-Blácido, 

Añón, Sobral, Mauri, & Menegalli, 2009). As a result, different protein films would exhibit 

dissimilar extent of modifications after the heat-curing treatment. 

 

Electrospinning is a simple and versatile approach to produce nanofibers through the 

application of electrical field towards a polymer solution. Zein, which is a prolamin of maize, 

has been electrospun into nanofibers in previous chapters. Zein is an interesting storage 

protein that is high in apolar amino acid groups such as Proline (Pro), Leucine (Leu) and 

Glutamine (Gln), which makes zein more soluble in alcoholic solutions (Gianazza et al., 

1977). The successful incorporation of bioactive component such as gallic acid into zein 

nanofiber system has opened up new prospects towards the development of nanostructured 

food contact materials (Neo et al., 2013a,b). The incorporated gallic acid has shown an instant 
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release to the surrounding media from the fabricated zein electrospun fiber mat. It was 

postulated in this chapter that cross-linking caused by heat denaturation of zein protein would 

further enhance the resulting electrospun fiber properties. It is therefore necessary to examine 

the physicochemical properties of heat-cured zein (Ze) and gallic acid loaded zein (Ze-GA) 

electrospun fibers, in order to determine the effect of high temperature on their overall 

performance. This may be a critical issue as dry processing plays a major role in food 

manufacturing and processing worldwide. This is to our knowledge the first study on the 

determination of heat-curing on zein based electrospun fibers. 

 

The chemical interactions of these electrospun fibers were determined using solid-state 

nuclear magnetic resonance (SS-NMR) and attenuated total reflectance-Fourier transform 

infrared (ATR-FTIR) spectroscopy. SS-NMR is to date one of the most powerful tools for 

the determination of structure and dynamics of a compound at the molecular level. It provides 

information on the chemical structure, molecular interactions and miscibility of the composite 

at the molecular level (X. Zhang, Do, Hoobin, & Burgar, 2006). Magic angle spinning (MAS) 

is an ubiquitous approach in solid state NMR in order to obtain high resolution NMR spectra. 

By spinning the sample rapidly at the specific angle (e.g. magic angle at 54.74°) to the 

direction of the magnetic field, most line broadening interactions in SS-NMR can be removed 

and the resolution of the spectra are significantly improved (Wu & Wasylishen, 1994). The 

isotropic chemical shifts obtained from the cross-polarization magic-angle spinning (CPMAS) 

were examined in this work, in order to determine the chemical composition of the 

electrospun fibers. Bonwell & Wetzel (2009) suggested that thermal processing will generally 

reduce the α–helix structure, and increase the intermolecular antiparallel β–sheet form of 

protein secondary structure, which induces protein conformational changes. Hence, the 

protein secondary structure of the heat-cured electrospun fibers was investigated using 

vibrational spectroscopy technique such as ATR-FTIR in this study. Overall, the objectives of 

this work were to evaluate the effect of thermal treatment on the physicochemical properties 

of the electrospun fibers, and to characterize the extent of denaturation along with degree of 

crosslinking on heat-cured Ze and Ze-GA electrospun fibers using ATR-FTIR, SS-NMR and 

gel permeation chromatography (GPC). Hence, the colour properties, thermo-mechanical 

properties, surface hydrophobicity, morphology, release performance, molecular weight 

distribution, and chemical structural properties of the heat-cured electrospun fibers were 

determined in this work. 
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6.2 Materials and Methods 

6.2.1 Materials 

Zein (Z 3625), 1,1’-diphenyl-2-picrylhydrazyl (DPPH) radicals and N-Methyl-2-pyrrolidone 

(NMP, HPLC grade) were purchased from Sigma Aldrich (St. Louis, MO, USA). The zein 

powder was used without further purification. Ethanol (ACS grade) was purchased from ECP 

Ltd (Auckland, New Zealand). Milli-Q water (18 MΩcm, Millipore, Bedford, MA, USA) was 

used for all solution preparations. 

 

6.2.2 Electrospinning process 

The zein and gallic acid incorporated zein solutions were prepared and electrospun as 

described in our previous chapters. Briefly, zein solution was prepared at a concentration of 

25 wt% by dissolving zein powder in 80 wt% ethanol aqueous solutions under constant 

stirring using magnetic stirrer at room temperature (approximately 21 to 24 °C). Zein 

electrospun fibers containing various amount of gallic acid in the solid fibers were prepared 

by first dissolving gallic acid in 80 wt% ethanol aqueous solutions, followed by dissolving 

zein powder to obtain 25 wt% zein solutions. The final content for the gallic acid in the solid 

fibers were 5 wt%, 10 wt% and 20 wt%, meaning gallic acid-to-zein weight ratio of 1:19, 1:9, 

1:4 in the dry fibers, correspondingly. These electrospun fibers were designated as Ze (for 

pure zein with no gallic acid incorporation), Ze-GA 5%, Ze-GA 10% and Ze-GA 20%, 

respectively. The solutions were placed in 5 mL syringes that were driven by a syringe pump 

(Cole Parmer, Vernon Hills, IL, USA) to give solution feed rate of 0.8 mL hr-1. Positive 

electrode of a direct current power supply (High voltage power supply series 230, Bertan, 

Hicksville, NY, USA) was connected to a 20 gauge needle (i.d of 0.61 mm) of a syringe and 

the negative terminal to a grounded collector. The applied voltage was 16 kV with a distance 

between needle tip and collector of 13 cm. Finally, the as-spun electrospun fibers were heat-

cured in laboratory oven at 150 °C for 24 hr. 

 

6.2.3 Scanning electron microscopy (SEM) 

The morphology of the fibers was examined using a Philips XL 30S FEG (Philips, Eindhoven, 

The Netherlands) scanning electron microscope, after sputter coating the samples with 

platinum under vacuum for 5 min at 5 to 10 mA  using Quorum Q150R-S sputter coater 

(Quorum Technologies Ltd., Ashford, Kent, UK) to reduce electron charging effects. The 
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fiber diameter was measured as the average diameter with UTHSCSA image tool (IT) for 

windows, version 3.00 (University of Texas Health Science Center, San Antonio, TX, USA) 

from over 60 randomly selected fibers.  

 

6.2.4 Colour measurement 

Instrumental colour analyses of the heat-cured Ze and Ze-GA fiber mats after heat curing 

were determined using a CR300 colorimeter (Minolta, Osaka, Japan) to provide background 

information of their optical properties. L* value describes lightness, where L* = 0 is black 

and L* = 100 is close to white; a negative a* represents greenness and a positive a* is 

redness; a negative b* indicates blueness while a positive b* is yellowness.  Measurements 

were made directly on the fiber mats after calibrating the instrument using a standard white 

calibration plate (L* = 96.86, a* = -0.02 and b* = 1.99). The measurements were carried out 

in triplicate. 

 

6.2.5 Dissolution process 

The dissolution rate of the fabricated electrospun fibers were evaluated by placing the fiber 

mats in petri dishes filled with 80 wt% ethanol aqueous separately. Ethanol aqueous was 

selected as the dissolution medium as it is a good solvent to dissolve zein. The dissolution 

processes were observed and recorded accordingly. 

 

6.2.6 Water contact angle 

The wettability of the electrospun fibers were determined by using the sessile drop method. 

Each of the electrospun fiber mat (thickness was approximately 77 µm) was carefully peeled 

off from the aluminium foil, and was mounted on the lifting stage connected to a KSV CAM 

100 Contact Angle Goniometer (KSV Instrument Ltd., Finland). A droplet (approximately 5 

µL) of distilled water was placed on the fiber surface with a microsyringe. The tangent line at 

the point of contact of the water droplet with the fiber surface was captured and measured 

immediately using the computer simulation software at room temperature (approximately 

22 °C). The contact angle for each sample was taken as the average of 10 different 

measurements in order to get a reliable value.  
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6.2.7 1,1’-diphenyl-2-picrylhydrazyl (DPPH) antioxidant assay  

The antioxidant activity of the heat-cured electrospun fibers was measured with DPPH 

radicals. Briefly, 5 mg of the electrospun fiber mat was added to 10 mL of DPPH (0.1 mM 

solution in methanol) separately for 30 min in the dark. The absorbance was recorded 

spectrophotometrically using a Shimadzu UV-2101PC spectrophotometer (Shimadzu Corp., 

Kyoto, Japan) at 516 nm and the antioxidant activity was expressed as followed: 

 

    Antioxidant activity (%)=   (Acontrol – Asample)   x  100                              (1) 
                                                          Acontrol              
 

where Acontrol and Asample are the absorbance values of the DPPH solution without and with 

the presence of the electrospun fiber mat. The measurements were carried out in triplicate. 

 

6.2.8 Release assay 

The release characteristic of gallic acid from the heat-cured Ze-GA electrospun fibers were 

determined by a modification of total immersion method by Tungprapa et al. (2007a) in 

Milli-Q water. Briefly, 20 mg of the electrospun fiber mat was submerged in 40 mL of Milli-

Q water at 23 °C under gentle stirring. An aliquot of 50 µL of the solution was withdrawn at 

specified time intervals, ranging between 0 and 360 min and diluted with 450 µL of Milli-Q 

water. The sample solutions were filtered through a cellulose acetate 0.45 µm (Phenomenex, 

Torrance, CA, USA) syringe filter before the subsequent high performance liquid 

chromatography (HPLC) injection. The amount of the released gallic acid was quantified by 

HPLC using a Phenomenex Luna C18 column (250 mm x i.d. 4.6 mm, 5 µm particle size) 

according to the previously published method by Neo et al. (2010). Briefly, isocratic elution 

was carried out with a mobile phase consisting of water/methanol (82:18 v/v) containing 2 % 

(v/v) acetic acid, at a flow rate of 1 mL min-1. A diode array detector was used for the 

detection of gallic acid and the HPLC profiles were obtained at 280 nm. The injection volume 

for all samples was 20 μL. Identification of gallic acid was based on retention times in 

comparison with standards. The concentration of the gallic acid was calculated using peak 

area and the calibration curves obtained from the gallic acid standard solutions. The 

morphology of heat-cured electrospun fibers after the release assay was determined using 

SEM, as described in the aforementioned section (6.2.3). 
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6.2.9 Release mechanism 

Five kinetic release models were used to further analyse the release profile by fitting the 

experimental data to diffusion models as followed: 

 

Zero-order model:  Mt/M∞ = kt         (2) 

First-order model: ln (1 - Mt/M∞) = - kt       (3) 

Higuchi model: Mt/M∞ = kt1/2                                                                            (4) 

Hixson-Crowell model: (1 - Mt/M∞)1/3 = - kt                                                 (5) 

Ritger and Peppas model: Mt/M∞  =  ktn                             (6) 

 

where Mt is the quantity (mg L-1) of gallic acid released at any time t (min); M∞ is the 

quantity of gallic acid corresponds to the initial loading; k is the release rate constant, and n 

indicates the release exponent. The release exponent (n) was determined by minimizing the 

difference between equation (6) and logarithmic plot of the experimental curves using solver 

tool in Microsoft excel. 

 

6.2.10 Dynamic mechanical analysis (DMA) 

The viscoelastic properties of the electrospun fiber mats were determined with dynamic 

mechanical analysis (DMA). DMA was carried out by using a DMA-Q800 V20.9 (TA 

Instrument, New Castle, DE, USA) equipment under nitrogen with film tension clamp at a 

frequency of 1 Hz. The heating rate was 3 °C min-1 from 35 to 200 °C. A preload force of 

0.01 N, force track of 125 % and amplitude of 15 µm were applied in all DMA experiments. 

The dimensions of the electrospun fiber mats were approximately 33 mm for length, 3.03 mm 

for width and 0.08 mm for thickness. Plots of storage modulus (E') and tan δ versus 

temperature were recorded after the experiments.  

 

 6.2.11 Gel permeation chromatography (GPC) 

The molecular characteristics of the electrospun fiber mats were investigated using gel 

permeation chromatography (GPC). The GPC system consisted of a Waters 515 HPLC pump 

(Waters Inc., Milford, MA, USA), a Rheodyne manual injector (Rheodyne, Cotati, CA, USA) 

fitted with 200 µL injection loop, a Phenomenex Degassex DG-4400 online degasser 

(Phenomenex, Torrance, CA, USA), two PolyPore columns (300 mm x 7.5 mm with mixed 

pore sizes) from Polymer Laboratories/Varian Inc. (Amherst, MA, USA) with a PolyPore 
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guard, a multi-angle laser light scattering (MALLS) detector (632.8 nm, DAWN DSP, Wyatt 

Technology, Santa Barbara, CA, USA), a Shimadzu RID-10A refractive index (RI) detector 

(Shimadzu, Kyoto, Japan), and the columns were thermostated at 40 °C using a Waters 

column oven (Waters Inc., Milford, MA, USA). The electrospun fiber mats were dissolved in 

5 mL of NMP separately after constant stirring using magnetic stirrer until complete 

solubility. The prepared concentration for each sample was 5 mg mL-1. The samples were 

filtered through 13 mm 0.45 µm polytetrafluoroethylene (PTFE) syringe filters (Grace, 

Deerfield, IL, USA) before injection onto the column set. A 100 % NMP was used as the 

mobile phase, which had been filtered by 0.2 µm PTFE membrane filter (Supelco, Bellefonte, 

PA, USA). The flow-rate was 0.2 mL min-1 and the pump pressure was approximately       

950 psi. Six poly(methyl methacrylate) (PMMA) standards (EasyCal Kit, Polymer Labs, UK) 

were dissolved in the same mobile phase at 2 mg mL-1. The 29960 g mol-1 standard peak was 

used to normalize the light scattering detectors. Data acquisition and processing were 

performed using the ASTRA 4.0 software (Wyatt Technology, Santa Barbara, CA, USA). 

The specific RI increment value (dn/dc) was determined by assuming 100 % mass recovery 

for non-heat-cured Ze solution of accurately known concentration in NMP, and was found to 

be 0.056 mL g-1. The molecular weight and root mean square radius of gyration for each 

electrospun fiber mats were calculated with a first-order Debye fit. Four of the 18 detector 

signals were excluded for the data processing due to poor signal-to-noise ratio.  

 

6.2.12 Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 

spectroscopy 

The chemical interaction and compositional analysis of the electrospun fiber mats were 

examined using ATR-FTIR spectroscopy method. The ATR-FTIR spectra were recorded on a 

Thermo Electron NICOLET 8700 FTIR spectrophotometer using the Smart Orbit ATR 

accessory with diamond crystal, single bounce at 45 ° (Thermo Electron Corporation, 

Waltham, MA, USA) over the wave number region of 600 to 3600 cm-1. Interferograms were 

averaged for 32 scans at 4 cm-1 resolution. The measurements were carried out in triplicate. 

Second derivative spectra (Savitsky-Golay derivative) were obtained using the OMNIC 5.0 

spectroscopic software (Nicolet Instrument Corp., Madison, WI) to determine the component 

peak positions. Next, fitting of the component bands was carried out for the 1300 to         

1730 cm-1 region using the OMNIC 5.0 spectroscopic software, and a Gaussian/Lorentzian 

function was used for the fitted curves. Fitting was not limited to the amide-I region (1600 to 
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1700 cm-1) in order to overcome the possible errors due to overlapping components from the 

other regions. All the given fits converged with the original spectra. 

 

6.2.13 13C Solid state nuclear magnetic resonance (SS-NMR) 

Structural analysis of the electrospun fiber mats was conducted using SS-NMR. CPMAS 

NMR experiments were performed at a 13C frequency of 75.47 MHz using a Bruker Avance 

300 spectrometer (Bruker BioSpin GmbH, Germany). The magic angle was adjusted by 

maximizing the sidebands of 79Br signal of a KBr sample. The electrospun fiber mats were 

packed in a zirconium oxide 7 mm rotors with air-tight Kel-F caps. The sample rotation 

frequency was 7000 ± 1 Hz and the free induction decays were acquired with a spectral width 

of 40 kHz. The 1H 90 ° pulse was 4.2 µs, 1 ms contact time, using a recycle delay of 2 s to 

avoid signal loss through saturation. The number of scans for the CPMAS experiments was 

4000 to 5000. The spectra were externally referenced using polycrystalline adamantane 

(38.48 ppm relative to tetramethylsilane (TMS, 0 ppm)) as suggested by Morcombe & Zilm 

(2003). All experiments are performed at room temperature (approximately 21 to 24 °C). 

 

6.2.14 Statistical analysis 

Statistical analysis was performed using MINITAB 13.0 software (Minitab Inc., State 

College, PA, USA). The data were compared using analysis of variance (ANOVA) at 5 % 

significance level. All values are reported as means of three determinations, and the results 

were expressed as mean values ± standard deviation. 

 

6.3 Results and discussion 

6.3.1 Morphological and dissolution properties of the fiber mats 

The macroscopic appearances of Ze and Ze-GA electrospun fibers before and after heat-

curing process are shown in Figure 6.1. Discoloration and size reduction were generally 

observed in the heat-cured electrospun fiber mats. Ze-GA 20% exhibited the most drastic 

variation between before and after heat-curing process (Figure 6.1d). The extent of variance 

was perceived as being due to the increase with the increase of gallic acid content.    
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Figure 6.1. The macroscopic appearance of Ze and Ze-GA electrospun fiber mats before 
(bottom row) and after (upper row) heat-curing for 24 hr at 150 °C.  (a) Ze, (b) Ze-GA 5%, (c) 
Ze-GA 10%, (d) Ze-GA 20%. 
 
 

 

The average fiber diameters of the non-heat-cured electrospun fibers were ranged from 290 to 

387 nm as mentioned in the previous chapter (section 4.3.2). The microstructures of the heat-

cured Ze and Ze-GA electrospun fibers using SEM are shown in Figure 6.2. The heat-cured 

fibers exhibit distorted and flattened structures. They generally retain their morphological 

integrity as continuous randomly oriented cylindrical fibers (Figure 6.2). Table 6.1 shows that 

the average diameter of the heat-cured electrospun fibers was in the range from 357 to 622 

nm. The fiber diameter for the Ze-GA fibers was found to be vastly increased after the heat-

curing process. It was noted in Figure 6.2d that Ze-GA 20% demonstrates different 

microstructure as compared to other electrospun fibers. The fiber diameter for Ze-GA 20% 

was observed to be considerably larger (622 nm) than the heat-cured Ze fibers. The Ze-GA 

20% fibers have retained their general fiber morphologies, but were also swollen with many 

junction zones appeared to have fused together into a web-like structure.  

 

a b c d 
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Figure 6.2. SEM images of heat-cured Ze and Ze-GA electrospun fibers at 2 µm scale bar. (a) 
Ze, (b) Ze-GA 5%, (c)Ze-GA 10%, (d) Ze-GA 20%. 
 

 

Colour values of the heat-cured electrospun fibers are presented as expressed in L*, a* and b* 

values as shown in Table 6.2. The average colour values of non-heat-cured Ze and Ze-GA 

electrospun fiber mats were reported to be approximately 94.81 to 96.49 for L*, 0.03 to 0.19 

for a*, and 0.90 to 2.51 for b* previously in section 5.3.3. The heat-cured electrospun fibers 

became redder and more yellowish with the increasing amount of gallic acid loaded, as 

evidenced by their greater a* and b*  values than the non-heat cured electrospun fibers. The 

average colour values of heat-cured Ze and Ze-GA electrospun fiber mats were found to be 

about 59.97 to 94.68 for L*, 0.25 to 4.96 for a*, and 8.64 to 16.88 for b*. These observations 

are in agreement with other reported studies on heat-treated protein films (Ali et al., 1997; 

Gennadios, Handa, Froning, Weller, & Hanna, 1998; Kim, Weller, Hanna, & Gennadios, 

2002). Overall, the colour values of the heat-cured electrospun fibers mats were significantly 

different (P < 0.05) from each other in terms of lightness and redness. The heat-cured Ze-GA 

20% fiber mats had the lowest L* (decreased lightness) as well as the highest a* and b* 

(increased redness and yellowness) values as compared to other electrospun fiber mats (Table 

6.2).  

 

a b 

c d 
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Table 6.1. Average electrospun fiber diameter of heat-cured Ze and Ze-GA electrospun  
fibers. 
 

Gallic acid content  
(wt% in solid fibers) 

 

Average fiber diameter 
(nm) 

 
0 357 ± 93 
5 421 ± 111 
10 519 ± 106 
20 622 ± 131 

 
       Note: Data are displayed in means ± standard deviation from over 60 randomly selected fibers 

 
 
 
Table 6.2. Reflectance (Hunter L*. a*. b*) values of heat-cured and non-heat-cured Ze and 
Ze-GA electrospun fibers. 
 

Gallic acid content  
(wt% in solid fibers) 

L* a* b* 

                                   Heat-cured (non-heat-curedfrom section 5.3.3) 
0 94.68 ± 0.48 a  

(96.49 ± 0.55 a) 
0.253 ± 0.06 c 

(0.034 ± 0.08 c) 
8.643 ± 0.57 g 

(1.368 ± 0.99 f) 
 

5 92.85 ± 0.54 a 

(94.81 ± 1.32 a) 
0.663 ± 0.17 cd 

(0.178 ± 0.06 c) 
8.883 ± 0.57 g 

(0.895 ± 0.25 f) 
 

10 91.31 ± 0.28 a 

(95.68 ± 0.80 a) 
1.315 ± 0.05 cd 

(0.187 ± 0.12 c) 
10.283 ± 0.05 g 

(2.512 ± 0.59 f) 
 

20 59.97 ± 15.46 b 

(94.98 ± 1.16 a) 
4.956 ± 2.91 e 

(0.133 ± 0.10 c) 
16.876 ±7.84 h 

(1.465 ± 0.58 f) 

 
Note: Data are displayed in means ± standard deviation of three replications. Means in each column 
bearing different superscripts are significantly different (P < 0.05). 
 
 

 

 The browning reaction of zein protein during high temperature processing is suggested to be 

due to isopeptide bond formation between the amine, -NH2 side chain functionalities of 

Lysine (Lys) or Arginine (Arg) with the carboxyl, -COOH containing side chains or amide 

group of Glutamic acid (Glu), Aspartic acid (Asp), Glutamine (Gln) and Asparagine (Asn), 

through the liberation of water and ammonia (Mecham & Olcott, 1947; Senoz, Wool, 

McChalicher, & Hong, 2012). These reactions are also responsible for the crosslinking bond 

formation. The greater yellowness of Ze-GA electrospun fiber mats suggested the chemical 
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interactions of the carboxylic group of gallic acid with the zein amino acids. The drastic 

increment of the yellowness in Ze-GA 20% fiber mat as compared to the others is in 

agreement with the proposed idea conceptually. 

 
 
The heat-cured Ze-GA 20% fiber mat was brittle and had shrunk into smaller size 

macroscopically as compared to the non-heat-cured Ze-GA 20% electrospun fiber mats 

(Figure 6.1d). It broke down into smaller pieces during the handling process, which makes it 

a less than ideal candidate for further analyses. Hence, the subsequent characterization studies 

were only conducted on Ze, Ze-GA 5% and 10% electrospun fiber mats.  

 

The degree of crosslinking in heat-cured Ze and Ze-GA electrospun fiber mats was first 

investigated through their solubility in 80 wt% ethanol aqueous solutions. A successful 

crosslinking reaction should exhibit limited solubility in ethanol aqueous solutions. When 

both heat-cured and non-heat-cured Ze electrospun fiber mats were placed in the ethanol 

aqueous solutions, they dissolved in the solutions almost instantly as shown in Figure 6.3a.   

 

However, the Ze-GA fiber mats exhibited different solvent-resistance properties as compared 

to Ze electrospun fiber mats. Figure 6.3b and Figure 6.3c show that the non-heat-cured Ze-

GA 5% and Ze-GA 10% shrunk significantly in the first 5 s and slowly dissolved in the 

solution after approximately 8 min in the solution (Figure 6.3-3). Conversely, the heat-cured 

Ze-GA fibers were slightly shrunk and floated on the surface of the solutions, while the 

solvent slowly penetrated into the fiber mats. Both the heat-cured Ze-GA 5% and 10% 

exhibited solvent resisting properties, and no disintegration of the fiber mats was perceived 

(Figure 6.3b,c and Figure 6.3-3). The heat-cured Ze-GA 5% exhibited a shorter wetting time 

as compared to Ze-GA 10%. These observations implied the crosslinks of Ze-GA fiber mats 

after the heat-curing process. They also reflected the time required for the solvent to infiltrate 

into the fiber matrices, thus suggested potential slower release performance of the loaded 

gallic acid after heat-curing process. 
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Figure 6.3. Dissolution process of Ze and Ze-GA electrospun fibers in 80 wt% ethanol 
aqueous solutions. (1) before dissolution in ethanol aqueous, (2) after dissolution in ethanol 
aqueous for 5 s. (a) Ze, (b) Ze-GA 5%, (c) Ze-GA 10%. (3) Ze-GA 10% after 8 min in 80 wt% 
ethanol aqueous. 
 

 

 

 

Non-heat-cured Heat-cured Non-heat-cured Heat-cured 
1 2 

a 

b 

c 

3 
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6.3.2 Water contact angle of the heat-cured electrospun fiber mats 

The wettability of the heat-cured electrospun fiber was determined using the water contact 

angle upon the surface of the fiber mats. A large contact angle ( θ > 65 °) generally implies a 

hydrophobic surface, whilst a small contact angle (θ  < 65 °) suggests a hydrophilic surface as 

shown in Figure 6.4a (Vogler, 1998). The determination of water contact angle through this 

approach quantifies the wettability of a solid surface, which complement the previous 

dissolution studies. As it was expected, the wettability of the non-heat-cured Ze and Ze-GA 

electrospun fibers are very high. The water droplets spread instantly into the non-heat-cured 

fiber matrices. Hence, no contact angle value could be measured during the experiments. 

Figure 6.4b illustrates the example of optical images for water contact angle on the surface of 

heat-cured Ze and Ze-GA electrospun fibers. 

 

 
 

                
Figure 6.4. Images of the (a) water contact angle as a wettability index, (b) shape of water 
droplet on the surface of a heat-cured electrospun fiber mat varied with time. 
 

 

All heat-cured Ze and Ze-GA electrospun fiber mats exhibited a contact angle of 

approximately 110 ° in the first 10 s, indicating the variation of the surface properties after 

the heat-curing process (Figure 6.5). The contact angle gradually decrease with time, and a 

complete spreading of the water droplets is observed for all the heat-cured fiber mats by 50 s. 

Tang, Xiao, Chen, Yang, & Yin (2009) suggested that heat treatment will induce the 

unfolding of proteins, which consequently will uncover some of the functional groups of the 

protein that were originally buried in the interior of the molecules. Hence, the differences in 

the wettability among the electrospun fiber mats might be due to the alterations in the protein 

a 

b 
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structure after the heat-curing process. Interestingly, the wettability of the heat-cured 

electrospun fiber mats decreased with the increase of gallic acid content. Thus, it is practical 

to assume there is a significant chemical bonding between gallic acid and zein protein after 

the heat-curing process, which have modified the zein chemical properties. 

 

 

 
Figure 6.5. The contact angle results of heat-cured electrospun fiber mats. 
 

 

6.3.3 Antioxidant activity of the heat-cured electrospun fibers 

DPPH scavenging assay was used to determine the antioxidant activity of the heat-cured Ze 

and Ze-GA electrospun fiber mats. Previous chapter (section 4.3.8) has shown that there was 

no significant difference for DPPH scavenging activity of gallic acid before and after the 

electrospinning process. The antioxidant activity of the non-heat-cured electrospun fibers 

were also conducted for the purpose of comparison as shown in Figure 6.6. The DPPH 

scavenging abilities of the Ze-GA electrospun fibers varied from 82 to 89% as shown in 

Figure 6.6. The results obtained suggested that there was no significant difference for DPPH 

scavenging activity between the heat-cured and non-heat-cured Ze-GA electrospun fibers. 

This might be due to the fact that the antioxidant activity was measured near its maximum 

capacity. Hence, dilution on the samples should be conducted in future so as to acquire 

θ 
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approximately 50 % of the total activity that will better reflect the antioxidant performance. 

Nevertheless, heat-cured Ze electrospun fiber mat had exhibited higher DPPH scavenging 

activity as compared to the non-heat-cured Ze fibers. Siripatrawan & Harte (2010) suggested 

that residual amino groups (NH2) can react with the free radicals to form stable 

macromolecule radicals. Hence, the increase DPPH scavenging ability of heat-cured Ze 

electrospun fibers might be due to the conformational changes of zein after heating, which 

require further studies. Overall, results obtained implied that heat-curing process did not 

compromise the antioxidant activity of the Ze-GA fiber mats. Heat-curing might have 

possibly increased the antioxidant capacity of zein as implied in the higher antioxidant 

activity exhibited by the heat-cured Ze fibers as compared to the non-heat-cured Ze fibers. 

 

 

 
Figure 6.6. Antioxidant activity of Ze and Ze-GA electrospun fiber mats before and after 
heat-curing process at 150 °C for 24 hr. 
 
 

6.3.4 Release performance and mechanism of the loaded gallic acid 

The release curves of gallic acid from the heat-cured Ze-GA electrospun fiber mats in water 

at 23 °C for 6 hr are shown in Figure 6.7. The electrospun fibers with different gallic acid 

loadings displayed comparable gradual and slow release trends. In the previous chapter 

(section 5.3.5) it was shown a rapid release performance of the loaded gallic acid from the 
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non-heat-cured Ze-GA fiber mats that increased with the increase in gallic acid content. It 

was obvious in this chapter that the release performance of gallic acid was inhibited after the 

heat-curing process as compared to the previous chapter. Figure 6.7 shows that only 

approximately 60 % release of gallic acid was detected after 6 hr of immersion in water at 

23 °C. Interestingly, it was noticed that the release rate of the gallic acid decreased with the 

increasing content of loaded gallic acid. Heat-cured Ze-GA 5% and Ze-GA 10% 

demonstrated a release percentage of 53 %, and 48 %, respectively at the end of 2 hr of 

immersion in water.  

 

 
 

Figure 6.7. Release percentage of gallic acid (%) from heat-cured Ze-GA electrospun fibers 
in a hydrophilic model (Milli-Q water) at 23 °C for 6 hr. 
 

 

Five empirical diffusion models were applied to the collected data for the explanation of 

possible release mechanism after heat-curing process. The release kinetics for gallic acid 

from the heat-cured Ze-GA electrospun fibers showed the best correlation with the Peppas 

model (Table 6.3) with correlation coefficient (r2) values of 0.9722 and 0.9562 for Ze-GA 5% 

and Ze-GA 10%, respectively. The determined n values for Ze-GA 5% and Ze-GA 10% are 
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0.42 and 0.40 as shown in Table 6.3. Results obtained suggested that Fickian diffusion was 

the major release mechanism for the gallic acid from the heat-cured electrospun fibers.  

 

 
Table 6.3. Correlation coefficients (r2) according to the different models and diffusion/ 
release exponent (n) used for describing the release mechanisms of gallic acid from the   
heat-cured Ze-GA electrospun fibers.  
 

Model Ze-GA 5% Ze-GA 10% 
 

Zero-order (r2) 
Mt/M∞ = kt 

 

0.588 0.6072 

First-order (r2) 
ln (1 - Mt/M∞) = - kt 

 

0.7239 0.6914 

Higuchi (r2) 
Mt/M∞ = kt1/2 

 

0.8517 0.873 

Hixson-Crowell (r2) 
(1 - Mt/M∞)1/3 = - kt 

 

0.6792 0.6644 

Peppas (r2) 
Mt/M∞ = ktn 

 

0.9722 0.9562 

 n 
 

0.42 0.40 

 

 

The zein electrospun fibers normally demonstrate excessive swelling in aqueous medium due 

to hydrophobic interactions among the zein molecules (Jiang, Reddy, & Yang, 2010; Y. 

Wang & Chen, 2012b). The morphology of the heat-cured electrospun fibers was examined 

after the release assay, in order to determine the effect of soaking in water. Figure 6.8a 

depicts the film-like substance of Ze electrospun fibers after immersed in water for 6 hr. As a 

result, the number of junction pores was reduced and the high surface area-to-mass ratios of 

the electrospun fiber mats were compromised. Figures 6.8b,c indicate a swollen fiber network 

of heat-cured Ze-GA electrospun fiber mats. The fiber diameter was found to range from 531 

to 657 nm for the soaked heat-cured Ze-GA fibers. 
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Figure 6.8. SEM images (at 5 µm scale bar) of Ze and heat-cured Ze-GA electrospun fibers 
after immersion in water for 6 hr. (a) Ze, (b) Ze-GA 5%, (c)Ze-GA 10%. 
 

 

In contrast to Ze electrospun fibers that lost the fiber structure, heat-cured Ze-GA fiber mats 

retained their fibrous structure after the immersion in water. Figure 6.8c evidently shows that 

Ze-GA 10% maintains better fiber morphology and stronger water stability as compared to 

Ze-GA 5%. It could be deduced that crosslinking reactions have occurred between the gallic 

acid reactive sites and zein protein to form linkages during the heat-curing process. The rapid 

release performance of gallic acid from non-heat-cured Ze-GA electrospun fiber mats had 

been decelerated, which might be due to the chemical bonding between gallic acid and zein 

after heating.  

 

6.3.5 Thermo-mechanical properties of the electrospun fiber mats 

DMA is a technique that applies sinusoidal stress to a sample and measures the resultant 

strain and molecular motions. Storage modulus (E') corresponds to the energy stored within 

the sample, thus indicates the stiffness of a material. Loss modulus (E") represents the 

dissipative and amount of energy loss in the materials. Tan δ is the ratio of E" to E' that is 

sensitive to structural transformation. Figure 6.9 depicts the E' of the electrospun fiber mats 

as a function of temperature. Results suggested characteristics of amorphous structure, which 

divides the curves into three different regions: a glassy region at a lower temperature where 

the mobility of the polymer chain is very limited; a transition temperature that the polymer 

chains begin to move; and finally a rubbery plateau at high temperature, which indicates the 

elastic behaviour of the compound. 

 

It is apparent in the data that the E' at the glassy region of the non-heat-cured electrospun 

fiber mats increases with the increasing gallic acid content. Non-heat-cured Ze-GA 10% 

electrospun fiber mat had exhibited the highest initial E' as compared to the others. In this 

a b c 
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respect, it is suggested that the addition of gallic acid has allowed greater stress transfer at the 

polymer interface due to the reinforcement of gallic acid crystals, which as a result increases 

the E'. The modulus fells abruptly at a relatively lower temperature (in the region of 100 °C), 

which implies a lower transition temperature. The lower transition temperature suggested a 

greater molecular flexibility that also represents the plasticizing effect of gallic acid towards 

zein. Interestingly, all the heat-cured electrospun fiber mats had exhibited similar E' as the 

non-heat-cured Ze electrospun fibers (Figure 6.9-1) before their transition temperature at 

approximately 120 °C. Nevertheless, heat-cured Ze-GA 5% had demonstrated higher E' than 

the other heat-cured fibers, which suggested a potential difference in terms of mobility in side 

chains or small groups of the in line backbone atom. It is essential to take note that E' in the 

glassy state signifies the packing of the polymer chains and their intermolecular forces. 

Hence, results had suggested a different polymer chains packing among the electrospun fibers. 

Above approximately 150 °C for non-heat-cured Ze-GA fiber mats, and 160 °C for other 

electrospun fiber mats, the E' has stopped decreasing by showing a rubbery plateau as shown 

in Figure 6.9.  

 

 

 
Figure 6.9. Storage modulus (E') plots of the electrospun fiber mats. (1) Ze, (2) Ze-GA 5%,             
(3) Ze-GA 10%, (4) heat-cured Ze, (5) heat-cured Ze-GA 5%, (6) heat-cured Ze-GA 10%. 
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Figure 6.10 delineates the tan δ peaks of the electrospun fiber mats. The temperature 

corresponding to the peak maxima of the tan δ curves was determined as the glass transition 

temperature (Tg) for the sample. The non-heat-cured Ze has the tan δ peak at approximately 

175 °C region. The tan δ peaks move to a lower temperature with the increasing content of 

gallic acid in the non-heat-cured Ze-GA fiber mats. The measured Tg values were 163 °C and 

148 °C for Ze-GA 5% and Ze-GA 10%, respectively. Nevertheless, the heat-cured Ze and Ze-

GA electrospun fiber mats had shown similar tan δ peaks as non-heat-cured Ze at 

approximately 177 °C region. All the tan δ peaks have demonstrated a single Tg for each of 

the fiber type, which implies the miscibility between zein and gallic acid in the electrospun 

fibers.  

 

 

 

Figure 6.10. Tan δ peaks (E'/ E'') of the electrospun fiber mats plotted against temperature. 
(1) Ze, (2) Ze-GA 5%, (3) Ze-GA 10%, (4) heat-cured Ze, (5) heat-cured Ze-GA 5%,               
(6) heat-cured Ze-GA 10%. 
 

175 ⁰C 163 ⁰C 

148 ⁰C 
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The increase of Tg among heat-cured electrospun fiber mats can be explained as the increase 

of polymer chain connectivity that leads to lower free volume between them. This 

observation suggested the slowing down of relaxation dynamics between the heat-cured Ze 

and Ze-GA polymer chains that might be due to the formation of new chemical bonds. The 

Tg measured through the tan δ peaks as obtained via DMA analyses are comparably higher 

than the Tg determined by differential scanning calorimetry (DSC) as reported in the 

previous chapter (section 4.3.3). This is due to the oscillation frequency during the DMA 

measurement that will tend to shift the Tg into a higher temperature. By comparing the tan δ 

peaks of the all the electrospun fiber mats, it is clearly shown that the peak magnitude of the 

heat-cured fiber mats are lower than the other non-heat-cured fiber mats. This observation has 

suggested that the polymer chains of the heat-cured fiber mats have lower mobility and 

relatively simple phase structure as compared to the non-heat-cured fiber mats.  

 

6.3.6 Molecular characteristics of the electrospun fibers 

Figure 6.11 shows the elution profile of the electrospun fiber mats using a RI detector. The 

non-heat-cured electrospun fiber mats eluted from the gel permeation column in one peak 

with maxima at around 9 mL region. Nevertheless, a progressive shift towards smaller elution 

volumes was observed for the heat-cured electrospun fiber mats. These results have reflected 

the formation of higher molecular weight components as compared to non-heat-cured 

electrospun fiber mats. The relevant molecular parameters for the electrospun fiber mats are 

tabulated in Table 6.4 and 6.5. Different molecular mass averages and polydispersity indices 

are also revealed among the electrospun fiber mats as presented in the aforementioned tables. 

 

 

Figure 6.11. GPC elution profile of the electrospun fibers. (1) Ze, (2) Ze-GA 5%,               (3) 
Ze-GA 10%, (4) heat-cured Ze, (5) heat-cured Ze-GA 5%, (6) heat-cured Ze-GA 10%. Arrow 
indicates a small peak eluting before primary component of heat-cured Ze-GA 5% fiber mats. 
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Table 6.4. Relevant molecular parameters of non-heat-cured electrospun fiber mats.  
 

Parameters Non-heat-cured  
Ze Ze-GA 5% Ze-GA 10% 

 
Mn  (g mol-1) 3.667 x 104   7.651 x 104  5.906 x 104  
Mw  (g mol-1) 7.690 x 104   1.513 x 105  7.769 x 104  
Mz  (g mol-1) 3.993 x 105   4.686 x 105  1.168 x 105  
Mw/Mn 2.097 ± 0.023 1.978 ± 0.014 1.315 ± 0.010 
Rn (nm) 51.3  59.6  55.4  
Rw (nm) 52.8  61.2 56.1  
Rz (nm) 57.3  

 
63.5  

 
57.2  

 
Note: Mn, Mw, Mz are the abbreviations for number-average molecular weight, weight-average 
molecular weight and z-average molecular weight, respectively. Rn, Rw, Rz are the abbreviations for 
number-average mean square radius, weight-average mean square radius and z-average mean square 
radius, respectively. 
 
 
 
Table 6.5. Relevant molecular parameters of heat-cured electrospun fiber mats.  
 

Parameters Heat-cured  
 

Ze Ze-GA 5% Ze-GA 10% 
 

Mn  (g mol-1) 2.888 x 105  1.497 x 106  3.376 x 105  
Mw  (g mol-1) 7.399 x 105  6.586 x 106  5.703 x 105  
Mz  (g mol-1) 4.767 x 106  4.451 x 107  1.498 x 106  
Mw/Mn 2.562 ± 0.020 4.401 ± 0.024 1.689 ± 0.012 
Rn (nm) 65.2  66.3  62.6  
Rw (nm) 65.7  66.6  63.0  
Rz (nm) 67.2  67.5  

 
63.8  

Note: Mn, Mw, Mz are the abbreviations for number-average molecular weight, weight-average 
molecular weight and z-average molecular weight, respectively. Rn, Rw, Rz are the abbreviations for 
number-average mean square radius, weight-average mean square radius and z-average mean square 
radius, respectively. 

 
 

All the electrospun fiber mats are polydisperse covering a broad range of molecular masses, 

as all the calculated polydispersity indices (weight-average molecular weight/ number-

average molecular weight, Mw/Mn) are larger than 1.0, which indicates a broader distribution. 

The polydispersity of the non-heat-cured electrospun fiber mats decreases with the increasing 

of gallic acid content, but varies among the heat-cured electrospun fiber mats. It is important 

to note that the heat-cured and non-heat-cured Ze-GA 5% fiber mats have generally exhibited 
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higher radii of gyration and molecular weight as compared to other electrospun fiber mats. 

Figure 6.11-5 shows a small peak (pointed by an arrow) eluting before the primary 

component of heat-cured Ze-GA 5% fiber mats, suggesting the possible formation of higher 

molecular weight aggregates after heat-curing process. As a result, heat-cured Ze-GA 5% 

fiber mats have exhibited the highest polydispersity and  molecular weight among the 

electrospun fiber mats, with 1.497 x 106 g mol-1, 6.586 x 106 g mol-1 and 4.451 x 107g mol-1, 

for number average (Mn), weight average (Mw) and z-average (Mz) molecular weight 

respectively. Interestingly, the heat-cured Ze-GA 10% shows the lowest molecular weight 

and also the lowest polydispersity as compared to the other heat-cured fibers. This might be 

due to the nonstoichiometry in mixing that occurs in the Ze-GA 10% system that requires 

further investigation. Table 6.4 and Table 6.5 also show that the root mean square radii (Rn, 

Rw, Rz) of the electrospun fiber mats. The radii of gyration for the non-heat-cured 

electrospun fiber mats ranged from 51.3 to 63.5 nm (Table 6.4), whereas the radii of gyration 

for the heat-cured-electrospun fiber mats are ranging from 62.6 to 67.5 nm as shown in Table 

6.5. The non-major difference in radii of gyration between heat-cured and non-heat-cured 

fibers suggested that the zein protein still exist in globular form after the heat-curing process. 

Yet, the generally larger hydrodynamic radius observed in heat-cured electrospun fiber mats 

implied the formation of larger aggregates or extended protein conformation after the heat-

curing process. Overall, all the electrospun fiber mats have shown high molecular weight 

after heat-curing process, which may imply thermal polymerization of zein protein. The 

chemical nature of the cross-linking process might be inferred as the formation of amide 

crosslinks between amine and carboxyl groups as suggested by Gorham et al. (1992) and 

Rombouts, Lagrain, Brunnbauer, Koehler, Brijis & Delcour (2011) in collagen and wheat 

gluten.  

 

6.3.7 Compositional analysis of the electrospun fiber mats 

Figure 6.12 shows the normalized ATR-FTIR spectra of the electrospun fiber mats. The 

detailed assignment for each band in the ATR-FTIR Ze and Ze-GA spectra was conducted in 

chapter 4 (section 4.3.5). Compared with the Ze electrospun fibers, all the Ze-GA fibers 

demonstrated new peaks at 1336 cm-1, 1197 cm-1, 1037 cm-1, 876 cm-1, 777 cm-1 and         

693 cm-1 region, which indicate the presence of gallic acid. Nevertheless, the heat-cured     

Ze-GA fibers have demonstrated similar ATR-FTIR spectra as their non-heat-cured 

counterpart as exhibited in Figure 6.12.  
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Figure 6.12. ATR-FTIR spectra of the electrospun fibers. (a) Ze, (b) Ze-GA 5%,                   
(c) Ze-GA 10%, (d) heat-cured Ze, (e) heat-cured Ze-GA 5%, (f) heat-cured Ze-GA 10%. 
 

 

The major absorption differences were observed in the amide II and aliphatic group region at 

1530 cm-1, 2927 cm-1 and 2850 cm-1, respectively (pointed by arrows in Figure 6.12). A 

significant reduction on the absorbance at 2927 cm-1 and 2850 cm-1 region is observed for all 

the heat-cured fibers as shown in Figure 6.13a. Signals at 2957 cm-1, 2871 cm-1, 2927 cm-1 

and 2850 cm-1 are generally attributed to the C-H stretching vibrations of aliphatic groups.  

C-H3 and C-H2 asymmetric stretch are mainly characterized by bands in the 2957 cm-1 and 

2927 cm-1 region, whilst C-H3 and C-H2 symmetric stretch are mostly characterized by bands 

in the 2871 cm-1 and 2850 cm-1 region. Results obtained shows the substantial influence of 

heat-curing process on the aliphatic group of zein protein, especially the methylene groups as 

indicate in Figure 6.13a. At the same time, the electrospun fibers generally have shown peak 

shifting from approximately 1530 cm-1 for the non-heat-cured fibers to near 1525 cm-1 region 

for the heat-cured fibers. Figure 6.13b indicates a broadening of amide II bands and the 

presence of a shoulder at approximately 1510 cm-1 (pointed by arrows in Figure 6.13b). The 

amide II mode is predominantly an –NH bending vibration coupled to –CN stretching 

vibration (Barth & Zscherp, 2002). Pelton and McLean (2000) suggested that bands between 

1510 and 1530 cm-1 are the indication of β-sheet structure that evidenced the presence of new 

intermolecular bonding in heat-cured electrospun fibers in this study. Overall, the increase in 

Amide I 

Amide II 
2927 cm-1 and 2850 cm-1 region 

1530 cm-1 region 
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amide II band and the loss of methylene groups implied the potential formation of new 

isopeptide bonding in the zein electrospun fiber mats due to heat-curing. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13. (a) C-H stretching vibrations of aliphatic groups, (b) amide I and amide II 
region for the electrospun fibers, the arrow indicates the appearance of a shoulder at  
1510 cm-1 region. (1) Ze, (2) Ze-GA 5%, (3) Ze-GA 10%, (4) heat-cured Ze,                         
(5) heat-cured Ze-GA 5%, (6) heat-cured Ze-GA 10%. 
 

a 

b 

1510 cm-1 
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The correlation between protein secondary structure and ATR-FTIR spectra frequency for 

amide II is proposed to be less straightforward than for the amide I vibration (Barth & 

Zscherp, 2002). Hence, the secondary structural changes upon heat-curing process were 

further investigated through the analysis of the amide I region. Amide I band is mainly due to 

stretching vibrations of the carbonyl group, and hence representing the secondary structure of 

the proteins well (Mangavel et al., 2001). To study the structural changes of zein, the 

secondary derivative spectra corresponded to different secondary structures were curve fitted. 

With the second derivatives, signals of 6 major bands were determined at the amide I region 

as shown in Figure 6.14 (inset). The amide I peak deconvolution using OMNIC 5.0 

spectroscopic software was carried out according to Forato, Bicudo, & Colnago (2003) and 

Georget, Barker, & Belton (2008). The 6 peak components identified in this study are 

inter/antiparallel β-sheet at 1696 cm-1; β-sheet at 1680 cm-1; β-turn at 1669 cm-1; α-helix at 

1650 cm-1; random coil at 1639 cm-1; and intermolecular β-sheets at 1625 cm-1.  

 

Estimation of the secondary structure content was determined based on each peak component 

curve areas as shown in Figure 6.14. The assigned component areas are tabulated in Table 6.6. 

All the electrospun fiber mats exhibit characteristic of a α–helix rich protein that shows a 

strong vibrational mode at 1650 cm-1 region. The amount of α–helix content calculated from 

the ATR-FTIR spectra ranged from 34.3 to 45.1 % for all the electrospun fibers. This result is 

in agreement with the observations of other studies that suggested α–helix content of 

approximately 43 % in solid-state zein (Forato et al., 2003). The high content of α–helix 

structure in zein is generally associated with α–zein that accounts for more than 80 % of total 

zein. Nevertheless, Table 6.6 shows that non-heat-cured Ze-GA fibers has higher β-turn 

content as compared to non-heat-cured Ze fibers (18.7 %), that is 22.9 % and 24.6 % for    

Ze-GA 5% and Ze-GA 10% respectively. Yong, Yamaguchi, Gu, Mori & Matsumura (2004) 

suggested that the increment in β-turn and random coil content might imply a more flexible 

or extended form of the α–zein structure. This observation is in accordance to the plasticizing 

effect of gallic acid on the zein polymer chain as shown in the DMA studies (section 6.3.5). 

The secondary structure content of the heat-cured Ze electrospun fibers is 34.3 % α-helix, 

23.2 % of total β-sheets, 22.5 % of β-turn and 20.1 % of random coil as shown Table 6.6. 

Results obtained exhibited a slight decrease on α-helix and β-sheet content, and a slight 

increase on β-turn and random coil content for heat-cured Ze as compared to non-heat-cured 

Ze electrospun fibers. Similar findings had been reported on the high pressure treated β–

lactoglobulin and ovalbumin proteins (Ngarize, Herman, Adams, & Howell, 2004). Overall, 
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this result has suggested an increase of the ‘disordered phase (lack of defined structure)’ of 

zein protein after heat-treatment, as α-helix and β-sheets are generally considered as ‘ordered 

phases’, whilst β-turns and random coil are ‘disordered phases’ as suggested by Oliviero, 

Verdolotti, Di Maio, Aurilia, & Iannace (2011). 

 

 

 

 

 
 
 
Figure 6.14. Curve-fitted ATR-FTIR spectra for the 1300 to 1730 cm-1 region for non-heat-
cured Ze electrospun fiber mats. The original spectra were curve fitted based on the number 
of peak components and positions identified from the second derivatives. Components are 
numbered (1-6) for the amide I region and are given in green. Inset is the second-derivative 
spectra showing the bands associated with the secondary structure of zein protein.               
Peaks (1) inter/anti parallel β-sheet (1694-1699 cm-1), (2) β-sheet (1679-1681 cm-1),                      
(3) β-turn (1667-1670 cm-1), (4) α-helix (1645-1659 cm-1), (5) random coil (1638-1640 cm-1), 
(6) β-sheet (1619-1629 cm-1). The fits (blue) overlay the original spectra.  
 

 

 
 

171 
 



 
Table 6.6. Assignment of components fitted to the amide I region of the ATR-FTIR spectra 
for the electrospun fiber mats.  
 
Component Assigned component area (%) 
 Non-heat-cured Heat-cured 
 Ze Ze-GA 

5% 
Ze-GA 
10% 

Ze Ze-GA 
5% 

Ze-GA 
10% 

 
inter/antiparallel  
β-sheet (1694-1699 cm-1) 
 

1.98 0.35 0.25 0 0 0.74 

β-sheet (1679-1681 cm-1) 
 

12.79 14.40 13.18 14.06 14.54 14.50 

β-turn (1667-1670 cm-1) 
 

18.67 22.93 24.63 22.50 20.44 17.59 

α-helix (1645-1659 cm-1) 
 

39.16 34.52 35.83 34.28 42.54 45.14 

random coil  
(1638-1640 cm-1) 
 

15.30 17.69 13.80 20.06 9.31 8.74 

β-sheet (1619-1629 cm-1) 
 

12.10 10.11 12.31 9.10 13.17 13.29 

Total β-sheets content: 26.87 24.86 25.74 23.16 27.71 28.53 
 

Note: The amide I peak deconvolution using OMNIC 5.0 spectroscopic software was carried out 
according to Forato, Bicudo, & Colnago (2003) and Georget, Barker, & Belton (2008). 
 
 

 

The reduction of α-helix content after heating process is usually observed in other protein 

films such as gelatine and wheat gluten (Bonwell & Wetzel, 2009), yet it is important to note 

that α-helix structure in zein protein is linked by rigid structures that are generally stable 

(Tatham et al., 1993). Hence, the considerable changes on α-helix content between the heat-

cured and non-heat-cured fibers have fully supported this statement. Interestingly, the heat-

cured Ze-GA fibers have exhibited higher α-helix content and total β-sheets content at the 

expense of β-turn and random coil as shown in Table 6.6. The random coil content of Ze-GA 

fibers is 9.3 % and 8.7 % for Ze-GA 5% and Ze-GA 10%, respectively. The increasing β-

sheet content of heat-cured Ze-GA fibers at 1696 cm-1, 1680 cm-1 and 1625 cm-1 (Table 6.6 

and Figure 6.14 inset) indicates an extensive inter and intramolecular bonding after heat-

cured process. This result has corresponded properly to the observation in amide II band 

broadening as demonstrated previously. The secondary component changes as determined 

among the electrospun fiber mats have implied the covalent cross-linking of protein using 
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heat treatment, especially under the presence of gallic acid. Results obtained also suggested 

the potential of the heat-curing as a post-electrospinning treatment on proteinaceous 

electrospun fibers system, in order to modify their functional properties. 

 

 6.3.8 Assignment of 13C peaks 

SS-NMR has been used to generate information related to molecular information of proteins 

using 13C-1H CP (Duodu, Tang, Grant, Wellner, Belton, & Taylor, 2001; Yeo et al., 2008). 

SS-NMR chemical shifts can be used to elucidate the protein confirmation as the internal 

rotation around the peptide bonds is usually fixed (Ando, Kameda, Asakawa, Kuroki & 

Kurosu, 1998). The solid state CPMAS spectra of the electrospun fiber mats are presented in 

Figure 6.15. Previous studies suggested a feeble attempt on improving the zein spectra at a 

higher magnetic field strength, which implied the complexity of zein composition and its 

corresponding 13C NMR spectrum (Augustine & Baianu, 1986). Zein is generally consists of 

up to 70 % of four major amino acids, namely the Glutamine (Gln), Leucine (Leu), Alanine 

(Ala) and Proline (Pro) as shown in Figure 6.16. Wu, Yoshino, Sakabe, Zhang, & Isobe 

(2003) suggested that in zein, Glutamine (Gln), Glutamic acid (Glu), Tyrosine (Tyr), 

Histidine (His), Arginine (Arg), Aspartic acid (Asp), Asparagine (Asn), Threonine (Thr), 

Serine (Ser) and Cysteine (Cys) are the amino acids which contain potential reactive side 

groups. It is a challenge to assign specific amino acid sites in the zein 13C NMR spectrum due 

to line broadening and the considerable overlap of peaks. Nevertheless, the 13C NMR 

resonances can be assigned on the basis of previous report (Augustine & Baianu, 1986; 

Forato et al., 2003, Wu et al., 2003) and are shown in Table 6.7. According to Forato et al. 

(2003), zein shows resonance signals of the carbonyl carbons, aromatic side chains, α-

carbons and carbons of the amino acid aliphatic side-chains at about 175, 100 to 140, 45 to 70 

and 15 to 45 ppm, respectively (Figure 6.15a,b). Figure 6.15a,b displays that only side groups 

from Tyr at 156.8 ppm, 129.4 ppm and 116.8 ppm and His at 136.8 ppm show relatively 

resolved peaks (Wu et al., 2003). Figure 6.15c,d demonstrates that 13C NMR spectra of Ze-

GA 10% fibers have exhibited new resonance signals in the aromatic carbon region between 

100 to 140 ppm. This observation is in agreement with the literature that suggested 13C NMR 

chemical shifts for gallic acid at 121.1, 110.1, 143.0, 135.0, 143.0, 110.1 and 168.9 ppm for -

C1, -C2, -C3, -C4, -C5, -C6 and –COOH, correspondingly (Wawer & Zielinska, 1997).  
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The carbonyl chemical shifts at resonance 170 to 178 ppm region are generally sensitive to 

the protein conformations (Forato et al., 2003; Yoshimizu & Ando, 1990). The NMR 

characteristics obtained from this region should represent the protein behaviour. Figure 6.15 

shows that all the electrospun fiber mats have exhibited strong resonance at 175 ppm, 

indicating high α–helix content (Forato et al., 2003) that is in accordance with the ATR-FTIR 

peak assignments.                                 

                    
Figure 6.15. 13C CPMAS NMR spectra of the electrospun fiber mats. (a) non-heat-cured Ze, 
(b) heat-cured Ze, (c) non-heat-cured Ze-GA 10%, (d) heat-cured Ze-GA 10%. The asterisks 
denote spinning sidebands. 
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Figure 6.16. Chemical structure of the four major amino acids in zein. 
    

 
Other than the presence of new resonance signals at the aromatic carbon region, 13C NMR 

spectrum for non-heat-cured Ze-GA 10% also revealed changes in resonance intensity at     

30.5 ppm, which indicates the resonance for amino acid aliphatic side-chains (Figure 6.15c,d). 

Even though the 13C NMR chemical shift spectra of the heat-cured and non-heat-cured 

electrospun fiber mats look similar, the relative differences observed on the resonance 

intensities among the electrospun fibers implied possible structural changes after the heat-

curing process, which is in line with ATR-FTIR data. Specifically, the CP experiment relies 

on magnetization transfer from abundant (1H) to the rare spin system (13C) (Zujovic, 

Gizdavic-Nikolaidis, Kilmartin, Travas-Sejdic, Cooney, & Bowmaker, 2005; Zujovic, 

Gizdavic-Nikolaidis, Kilmartin, Idriss, Senanayake, & Bowmaker, 2006). This process is 

dependent on dipolar interactions between nuclear spins making it very sensitive to structural 

and dynamic aspects of the local environment. Further studies using relaxation and spin-

diffusion experiments will need to be conducted in the future, in order to provide information 

on the rigidity and the spatial distribution of microscopic domain sizes for various 

components in the electrospun fiber systems.  
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Table 6.7. Observed 13C NMR chemical shifts for the electrospun fiber mats in the solid state. 
The assignment was made by reference data of the previous report.  
 

Chemical shiftsa, ppm 
 

Assignment References 

Ze Ze-GA 10%   
175.3 175.5 Carbonyl carbons  

(α-helix) 
Forato, Bicudo, & Colnago (2003),  
Yoshimizu & Ando (1990), 
Yoshimizu, Mimura, & Ando (1991)  
 

156.8 156.6 Tyr Cζ , Arg Cɛ Wu, Yoshino, Sakabe, Zhang, & Isobe (2003), 
Yoshimizu et al. (1991) 
 

 145.9 C-3 & C-5 gallic acid Wawer & Zielinska, 1997 
 

136.8 138.3 His C-2/ C-3 Wu et al. (2003) 
 

129.4 129.8 Phe Cδ,ɛ,ζ, Tyr Cα,γ Augustine & Baianu (1986),  
Yoshimizu & Ando (1990) 
 

 122.0 C-1 gallic acid Wawer & Zielinska, 1997 
 

116.8 116.3 Tyr Cɛ Wu et al. (2003) 
 

 110.7 C-2 & C6 gallic acid Wawer & Zielinska, 1997 
 

61.7 61.7 b 
 

 

55.5 55.4 α-carbons Forato et al. (2003),  
Yoshimizu & Ando (1990) 
 

40.3 39.5 Tyr Cβ, Phe Cβ Augustine & Baianu (1986),  
Yoshimizu & Ando (1990) 
 

30.5 30.5 b  
 

27.6 27.6 b  
 

25.6 25.2 b  
 

20.9 20.4 Thr Cγ, Val Cγ , Leu Cδ Augustine & Baianu (1986),  
Yoshimizu & Ando (1990) 
 

17.0 17.1 Ala Cβ , Ile Cɛ 
 

Augustine & Baianu (1986),  
Yoshimizu & Ando (1990) 

aThe numbers in parentheses are chemical shifts of the peaks observed in 13C CPMAS NMR 
spectra. bUnassigned at this stage. 
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6.4 Conclusion 

In summary, heat-curing process has shown prominent modification on the physicochemical 

properties of the Ze and Ze-GA electrospun fibers. Thermal treatments had induced colour 

changes on the electrospun fiber mats. Interestingly, the variations increased with the increase 

of gallic acid content that implied chemical interactions have taken place between zein and 

gallic acid. The morphology of the heat-cured fibers was found to be flattened and the fiber 

diameters were larger than their non-heat-cured counterparts. Nevertheless, the 

hydrophobicity of the electrospun fiber surface was found to have increased after the heat-

curing process, and the Ze-GA fiber mats were more solvent-durable. In addition, Ze-GA 

fibers showed slow but constant release of gallic acid in water over time. An improved 

morphological stability of Ze-GA fibers was observed after immersion in water at 23 °C for  

6 hr. The gallic acid release measurements exhibit a better fit to Peppas model and confirmed 

that the diffusion from the electrospun fibers followed a Fickian diffusion process. The Ze-

GA fiber mats retained their antioxidant activity after the heat-curing process and an 

improved antioxidant capacity was observed in the heat-cured Ze fibers. Substantial 

differences were found on the dynamic mechanical properties (storage modulus and Tg) 

between heat-cured and non-heat-cured Ze-GA fiber mats, with the Ze-GA fibers exhibiting 

higher Tg values after heat-curing process. It was also found that the molecular weight of Ze 

and Ze-GA fiber mats increased tremendously after the heat-curing process. Changes in 

amide II and aliphatic regions were observed in the heat-cured electrospun fiber mats as 

recorded from the ATR-FTIR spectra. All the electrospun fiber mats exhibit characteristic of 

α–helix rich protein. The α-helix and β-sheet contents of Ze-GA fibers were found to increase 

at the expense of β-turn and random coil after heat-curing process. No major chemical shifts 

were observed among the 13C NMR spectra, yet the difference in the resonance intensities 

among the electrospun fibers implied the presence of different chemical environment 

between the electrospun fiber systems. Current studies provide a base for further assessment 

of the thermal treatment of protein based electrospun fibers. Further studies on the elucidation 

of Ze and Ze-GA structure are essential to complement the investigation conducted in this 

study. The new properties exhibit by the heat-cured gallic acid loaded zein electrospun fibers 

will offer new potential to develop protein based nanostructured electrospun fibers for food 

packaging or contact materials with enhanced properties.  
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CHAPTER 7: 
Concluding discussion and future work 

__________________________________________________________________________________ 

7.1 General discussion  
 
Encapsulation application by electrospinning in the food industry remains an active area of 

research, attributable to the high surface area and facileness of the process offered by this 

technology. The electrospinning of biopolymeric nanofibers represent a novel area of 

research in terms of food nanoscience and technology. This PhD research has provided 

advanced understanding of the electrospun fiber formation to produce functionalized fiber 

mats through the incorporation of bioactive component into the system. The research 

objectives in this PhD research primarily involved the facilitation of electrospinning approach 

as an encapsulation tool for food applications. Zein as the fiber forming matrix, together with 

gallic acid (an ubiquitous phenolic compound in plants) as the active component were 

selected as the models for these studies. The fabricated gallic acid-zein fibers were appraised 

for various physicochemical characterizations, and evidence for the efficacy and 

effectiveness of gallic acid loaded zein electrospun fiber mat for food contact applications 

were determined.  In this research, heat-curing was postulated to modify the properties of 

zein electrospun fibers, such as to strengthen their structure and physical properties. Hence, 

the physicochemical, chemical interactions and structural properties of the heat-cured 

electrospun fibers were evaluated. 

 

The studies were conducted in a systematic manner by first screening the suitable 

biopolymers through the investigation of their electrospinnability. Seven different 

biopolymers were selected and screened on their electrospinnability by employing generally 

recognized as safe (GRAS) solvents to ensure their food safety and compatibility in Chapter 

2. Results obtained demonstrated that polyelectrolytes such as sodium alginate, pectin, 

sodium caseinate and whey protein mostly exhibit poor electrospinnability. Despite the 

general use of these polyelectrolytes as wall material in food encapsulation applications, the 

positive and negative charges along the chains of polyelectrolytes are likely to interfere with 

the electrospinning processing parameters (such as voltage), which make them difficult to 

control during the process as compared to neutral polymers.  Polyelectrolytes are reported to 

exhibit rheological shear thinning behaviour (thixotropy) and also weaker ‘de Gennes 

scaling’ relationship between zero-shear viscosity (η0) and concentration that will hinder 

their electrospinnability (McKee et al., 2005; Terada, Kobayashi, Zhang, Tiwari, Yoshikawa, 

& Hanagata, 2012). As a result, blending of a second polymer (e.g. polyethylene oxide 
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(PEO), polyvinyl alcohol (PVA)) with the polyelectrolytes was commonly employed in order 

to facilitate their electrospinnability. Nevertheless, neutral polymers such as dextran, gelatine 

and zein used in this research had shown good electrospinnabilty by exhibiting uniform fiber 

morphologies using food grade GRAS solvents. Interestingly, both gelatine and collagen 

hydrolysate as denatured products derived from native collagen that adopt a random coil 

conformation have demonstrated significant dissimilar electrospinnability as shown in section 

2.3.1 (Chapter 2). This implies the importance of polymer molecular weight on the 

electrospinning process. This observation was further confirmed through the electrospinning 

of dextran polymers with different molecular weights at a fixed concentration. The 

electrospun dextran, gelatine and zein fibers have exhibited fiber diameter ranging from 110 

to 597 nm. The incorporation of lipophilic active component such as bergamot oil emulsions 

into the polymer system on the other hand had compromised the beadless fiber formation of 

dextran and gelatine. No such problems were observed with zein. Both dextran and gelatine 

also showed difficulties in terms of strength and moisture resistance that render them less 

favourable for encapsulation of hydrophilic active component as well as food packaging 

materials compared to zein. Therefore, zein was selected as the model biopolymer for the 

characterization and future analysis in the subsequent chapters.   

 

As previously described in Chapters 1 and 2, the polymer solution properties are basically 

inter-related. For instance, higher molecular weight dextran should exhibit greater chain 

entanglements than the lower molecular weight dextran at a fixed polymer concentration. 

Similarly, a low molecular weight polymer will attain sufficient chain entanglements after 

increasing its concentration to a critical level by means of intensive overlapping of the 

polymer chains. Such overlapping will induce topological constraints on the polymer 

molecules due to the reduction of available hydrodynamic volume in the solution (W. Zhang, 

Chen, Zha, & Diao, 2012).  

 

Chapter 3 describes the formulation of an electrospinnable neutral polymer that was expected 

to be less sensitive to the electrospinning processing parameters, which enables one to 

establish the relationships between biopolymer solution properties and electrospinning 

behaviour. For neutral polymers, the solution properties such as molecular weight, viscosity, 

concentration will have a vast impact on their electrospinnability. In particular, the polymer 

chain entanglements govern the formation of fiber structure during the electrospinning 

process. From rheological aspects, results in Chapter 3 are in excellent agreement with 
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several empirical correlations proposed in other studies (Gearheart, & Vetcher, 2008; McKee 

et al., 2004), which showed that the entanglement concentration (Ce) of 2 to 2.5 as the 

beadless fiber forming concentration for a neutral polymer in a good solvent. Extrapolation 

through the logarithmic plot of ‘de Gennes scaling concept’ in Chapter 3 (section 3.3.1) 

implies that the Ce is the minimum concentration for incipient fiber formation, and beadless 

fibers are formed at Ce greater than 2.1. Section 3.3.2 clearly shows the transition of zein 

droplets to uniform zein electrospun fibers at increasing concentrations that is correlated to 

their degree of chain entanglements. For that reason, solution properties are consistently 

categorized as the leading parameters for electrospinning process in numerous researches 

(Henriques et al., 2009; Mit-uppatham et al., 2004; Senthil et al., 2013; Sukigara et al., 2003). 

The modulation of other processing variables will not be sufficient enough to counteract the 

‘Rayleigh instability’ that causes the formation of droplets due to surface tension (Shenoy et 

al., 2005b; Tan et al., 2005; Thompson et al., 2007). The fundamental electrospinning theory 

also suggested the influence of other governing parameters such as applied voltage, solution 

feed rate, and distance between needle tip and collector on the electrospun fiber formation 

(Ramakrishna et al., 2005). But the complexity of electrospinning process that is influenced 

by various materials, processing and design parameters makes the investigation very difficult 

and almost impractical. For example, ‘fiber formation’ cannot be taken as a measured 

response but rather as empirical observations that can only be conducted using ‘one factor at 

a time approach’, which will constantly overlook the interactions between parameters and 

lead to wrong conclusions. Hence, in Chapter 3, the empirical determination was conducted 

on electrospinning parameters towards resulting fiber diameter through response surface 

methodology (RSM). The model obtained using RSM shows the solution concentration as 

the most significant variable on the electrospun fiber diameter, followed by applied voltage 

and solution feed rate. The model also showed interaction between solution feed rate and 

applied voltage, and that the fiber diameter increased as the solution feed rate and applied 

voltage were increased. The developed model served as a base model for understanding the 

parametric influence on zein electrospun fibers, so as to fine tune the encapsulation process in 

the following chapters. 

 

The feasibility of producing zein electrospun fibers containing functional bioactive 

component was explored in Chapter 4. Gallic acid was selected as the model bioactive in this 

research for its potent antioxidant and/or antimicrobial performance as well as its ubiquitous 

presence in plants. Unfortunately, the optimum parametric values determined in Chapter 3 
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were not implementable in this chapter after the addition of gallic acid into the system. The 

conductivity of gallic acid loaded zein (Ze-GA) solutions was noticed to be reduced with the 

increasing content of gallic acid. As a result, the applied voltage was increased to 16 kV and 

the solution feed rate was reduced to 0.8 mL hr-1 in order to acquire a stable solution jet 

during the electrospinning process. Again, this observation has verified the complexity of 

electrospinning process that is influenced by the different variables. Overall, the addition of 

gallic acid had caused an increase of the electrospun fiber diameter. Studies to characterize 

the distribution of the gallic acid within the zein electrospun fibers were conducted by 

staining the fibers with osmium tetroxide that would react actively with the phenol ring of the 

gallic acid. Transmission electron microscopy (TEM) images in section 4.3.2 have illustrated 

patches of black stained areas throughout the Ze-GA fibers but none in the zein electrospun 

fibers (Ze), which confirms the incorporation of gallic acid. The physicochemical analyses 

such as thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), 

attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy and X-ray 

diffraction (XRD) pattern have exhibited the successful incorporation of gallic acid in the 

zein electrospun fiber system, and also demonstrated interactions between gallic acid and 

zein. However, the extent of interaction and their significance are debatable. According to the 

typical theory of encapsulation, a good encapsulation carrier should not exhibit any chemical 

reactivity with the active material (Shahidi & Han, 1993). On the other hand, various studies 

have also proposed that the interactions between the active material and the carrier are 

indications of compatibility between the two components, which is crucial for stability and 

release performance of the incorporated material (Yu, Branford-White, Li, Wu, & Zhu, 

2010a; Zeng et al., 2005).  

 

Another important aspect is the chemical properties of the active component after the 

electrospinning process. Reduction in activity commonly occurs after the interactions. Results 

in section 4.3.7 and 4.3.8 demonstrate that the incorporated gallic acid had retained its 

phenolic character and has exhibited similar antioxidant properties after the electrospinning 

process. Although several studies have reported the effect of electrospinning on the 

crystallinities and conformational changes of the polymer (Minato, Ohkawa, & Yamamoto, 

2006; Stephens, Chase, & Rabolt, 2004; Stephens, Fahnestock, Farmer, Kiick, Chase, & 

Rabolt, 2005), it is important to note that the precise effect of electrospinning on physical 

status of zein and gallic acid in this research is still uncertain and warrants further study in the 

future.  

181 
 



In Chapter 5, Ze-GA electrospun fiber mats were examined as a potential active packaging 

material. The fabricated Ze-GA fiber mats had light colour with water activity of less than 

0.46. The incorporated gallic acid has exhibited chemical stability after 60 days of room 

temperature storage, and also thermal and chemical stability at elevated storage temperature 

of 60 °C as shown in section 5.3.4. Chemical stability demonstrated by gallic acid in the 

electrospun fiber system might be due to the compatibility between zein and gallic acid as 

revealed in Chapter 4. Yet, the interaction between zein and gallic acid in the electrospun 

fiber system is not strong enough to achieve sustained release, as up to 90 % of gallic acid 

was discharged into the surrounding medium after 20 min in water. The fast release 

performance of gallic acid from the fiber mats can be explained as being due to high porosity 

and high surface area that encourage an immediate discharge. The surface chemistry of the 

fiber mats determined by X-ray photon spectroscopy (XPS) also supports the release assay, 

as much gallic acid was found to be located on the fiber surface as shown in section 5.3.1. 

These observations have triggered more research questions because the active component 

should exhibit a higher affinity for the polymeric carrier than for the solvent. Consequently, 

the active component should remain in the inner part of the fiber rather than migrating to the 

surface of the fiber if they are compatible. Is the presence of gallic acid on the electrospun 

fiber surface related to its dissociation behaviour under the influence of electrical charges? Or 

should the incidence of molecular interactions not to be taken as an indication of 

compatibility? Moreover the experimental limitations in this research might have caused 

difficulties on the establishment of level of interaction. Therefore, additional characterization 

using small angle x-ray diffraction (SAXS), cross section determination should be conducted 

in order to further elucidate the chemistry behind. In spite of the fast release performance, Ze-

GA electrospun fiber mats have shown an approximately 6-log reduction of Gram-positive 

and Gram-negative bacteria, as well as almost 2-log reduction of yeast over the Japanese 

Industrial Standards (JIS) antimicrobial assay conducted. Incorporation of gallic acid into 

zein nanofiber system using electrospinning has significantly advanced zein as a 

nanostructured food contact material, opening up new research opportunities for food 

nanomaterials.  

 

Functional properties of proteinaceous materials can be improved through physical, chemical 

or enzymatic cross-linking treatments. In Chapter 6, physical treatment such as heat-curing 

was conducted in order to improve the functional properties of the Ze-GA fiber mats. It is 

believed that new isopeptide bonds can be formed under heat treatment through the reaction 
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of ɛ-amino group of Lysine (Lys) or Arginine (Arg) with carboxyl, -COOH containing side 

chains or amide group of Glutamic acid (Glu), Aspartic acid (Asp), Glutamine (Gln) and 

Asparagine (Asn) (Hurrell et al., 1976; Mecham & Olcott, 1947; Senoz et al., 2012). The 

term isopeptide is applied to differentiate these bonds from normal peptide link as these 

bonds are generally not present on the main protein chain (Hurrell et al., 1976). In the study, 

Ze-GA 20% fibers have fused into a swollen web-like structure that is brittle and crusty. The 

relatively darker shade and distinctive physicochemical properties as compared to other Ze-

GA fibers have suggested prospective chemical interactions between gallic acid and zein 

during heat-curing process. The other heat-cured Ze-GA electrospun fibers have retained 

their antioxidant capabilities and fiber morphology even after 6 hr of immersion in water. It is 

rational to speculate that gallic acid might have bonded to zein protein, as the carboxylic 

group of gallic acid is highly reactive to form chemical bonding with zein in a similar manner 

to isopeptide bonding at elevated temperature. Results obtained from gel permeation 

chromatography (GPC) suggested the formation of larger molecular weight components 

among the electrospun fibers after heat-curing process. ATR-FTIR and solid-state nuclear 

magnetic resonance (SS-NMR) spectra also demonstrated the presence of a different 

chemical environment among the samples after the heat treatment. Nevertheless, 

determination of isopeptide bonds in the zein protein system is complex, and thus requires a 

systematic approach for identification. Experiments such as amino acid analysis and 

quantification of cross-links using liquid chromatography-mass spectrometry are necessary so 

as to determine the location of chemical bonding in zein protein. It remains to be seen if the 

formation of isopeptide bonds contributes towards the slower release of loaded gallic acid 

from zein based electrospun fibers. Yet, all the results obtained have implied heat-curing as a 

low-cost and simple approach for cross-linking process. The versatility of electrospun fiber 

mats in terms of possible post-electrospinning treatment has created a niche outlet for food 

encapsulation applications. 

 

7.2 Overall conclusions and future work 
Most of the current studies were focused on the formulation, rheology, morphology, diameter 

distribution, physicochemical characterization, release performance, biocompatibility, 

antimicrobial/antioxidant effectiveness as well as potential chemical interactions of the 

fabricated electrospun fibers. The understanding extended in this PhD research is a 

considerable step moving towards the development of nanostructured food materials. 
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Electrospinning has proven to be a versatile and efficient approach that is capable of 

generating nanofibers from different food biopolymers. The significant features of 

electrospun fiber mats are their large surface area to volume ratio, high porosity and 

continuity that can measure up to several meters. Overall, the use of electrospinning as an 

encapsulation tool is feasible yet complicated, as it involves a number of inter-related 

variables to optimize. The formation of functionalized electrospun fibers with desired 

properties requires a certain degree of understanding of the material properties and processing 

conditions. Electrospun fibers can be characterized using several techniques such as scanning 

electron microscopy (SEM), TEM, DSC, TGA, ATR-FTIR, XRD, XPS, NMR and GPC. 

These information are important in terms of fundamental understanding and data provision 

for future product development. In order to apply the fabricated electrospun fiber mats as a 

potential active packaging material, the determination of toxicology, antimicrobial capability, 

release performance and stability of the fabricated product are of utmost importance. 

Additionally, properties of the electrospun fiber mats can be further improved through other 

post-electrospinning treatment such as heat curing that could broaden its potential. In 

Australia/NewZealand, food contact substances are defined as ‘any materials in contact with 

a food, provided that such materials, if taken into the mouth, are not capable of being 

swallowed or of obstructing any alimentary or respiratory passage and are not otherwise 

likely to cause bodily harm, distress or discomfort’ (Magnuson et al., 2013). The 

biocompatibility assay of electrospun fibers with seeded fibroblasts cells has shown 

encouraging results of non-toxicity in this PhD research.  

 

As with most research projects, this study uncovered findings that led to more unanswered 

questions and thus future research opportunities. A great number of studies are warranted in 

order to advance the electrospinning encapsulation process for commercialization. Future 

trends in electrospinning encapsulation systems should focus on the correlation of 

physicochemical properties of biopolymeric carrier with its electrospinnability, in addition to 

its structure and conformational change after the electrospinning process. A more detailed 

structural characterization should be conducted on the electrospun fiber mats using SS-NMR. 

Elucidations of the molecular motions of each component in the electrospun fiber systems 

through the determination of their homo or heterogeneity are warranted. The information 

gathered from SSNMR will be able to quantitatively identify the structural composition and 

chemical nature of the electrospun fiber mats. A number of new characterization techniques 

such as SAXS, atomic force microscopy (AFM) can be used to investigate the internal 
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morphology of the functionalized electrospun fibers. The information gathered will provide 

better insights into the packing behaviour of the polymeric electrospun fiber mats as well as 

the factors affecting the electrospinnability of a biopolymer. Studies on the migration and 

physicochemical interactions of the food systems fortified with functionalized electrospun 

fibers are also necessary in order to determine their stability and real impact on the food 

system.  

 

More research is also required to explore the prospects of using electrospinning to 

encapsulate diverse active components, such as lipids, emulsions, volatile components, and 

enzymes. The research can be done by using various electrospinning techniques (e.g. co-

axial, physical adsorption, layer-by-layer assembly) and biopolymeric carriers at different 

processing conditions. This line of attack will examine the efficacy and flexibility of using 

electrospinning as an encapsulation approach for specific purposes.     

 

Quantitative description of the release performance of the encapsulated active component is 

required for encapsulation, as the information obtained would be useful for proper 

establishment of the anticipated delivery performance. Relatively little has been studied on 

the release kinetics from electrospun fiber system. Such information is essential to build an 

accurate mathematical model that will simulate the effects of the design parameters on its 

release performance. 

 

Toxicology assessment of the electrospun fibers is another important issue that has received 

little attention. For this, it is necessary to develop, evaluate, and validate the safety of the 

application of electrospun fibers in a food by taking into account all the health and risk 

considerations. The toxicology assessment should include in vivo/in vitro toxicity, acute 

toxicity, long term toxicity, allergenicity of the electrospun nanofibers. An adequate 

understanding of the effect of nanostructured electrospun fibers on the human health will fill 

the scientific knowledge gaps, which would be valuable as a guideline on their usage for food 

applications.   

 

From the abovementioned discussion, it can be concluded that electrospinning encapsulation 

for food applications is still in its infancy. The research problems highlighted above should 

be addressed and resolved in order to fully utilize the potential of this nanotechnology in a 

variety of food applications. Nevertheless, the development of electrospinning is promising, 
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and there is no doubt that one can envisage the advancement of electrospinning in line with 

the progression of food nanoscience and technology in the not too distance future. 
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APPENDICES 
___________________________________________________________________________ 

Appendix 1. Composition of whey protein isolate (WPI) and sodium caseinate.  
(Chapter 2, section 2.2.1) 
 
Protein compositions WPI  

(ALACENTM 895) 
Sodium caseinate 

(ALANATETM 180) 
 

Protein (N x 6.38) (g per 100g) 
 

92.0 92.7 
 

Moisture (g per100g) 4.8 4.3 
 

Fat (g per100g) 0.4 0.7 
 

Total carbohydrates (g per100g) 0.5 0.2 
 

Ash (g per 100g) 2.3 3.6 
 

Inhibitory substances (IU mL-1) < 0.005 < 0.005 
 
 

Source: Fonterra Co-operative Group Ltd, New Zealand 
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Appendix 2. Specifications of the gelatine. 
(Chapter 2, section 2.2.1) 
 
Gelatine (Type B) gelatine-125 gelatine-200 

 
Gel strength (bloom) 115-135 190-210 

 
Viscosity (mps) 15-25 - 

 
Clarity (NTU) ≤ 55 ≤ 80 

 
pH 4.7-5.5 4.0-6.0 

 
Sulphur dioxide (mg kg-1) ≤ 100 ≤ 750 

 
Peroxide Negative Negative 

 
Ash (%) ≤ 2 ≤ 3 

 
Moisture (%) ≤ 12 ≤ 12 
 
Particle size (ASTM) 
 

 
60 mesh 

100 % passing through 30 
mesh 

97 % passing through 60 
mesh 

 

 
20 mesh 

 
 

Source: Gelita NZ Ltd, Christchurch, New Zealand 

 

Appendix 3. Specifications of the collagen hydrolysate. 
(Chapter 2, section 2.2.1) 
Collagen hydrolysate (Type B) Specifications 

 
Average molecular weight 2-4 kDa 

 
Viscosity (mPa.s) < 10 

 
pH 4.5-6.5 

 
Sulphur dioxide (mg/kg) < 100 

 
Peroxide Negative 

 
Ash (%) < 2 

 
Moisture (%) 
 

9 
 

Source: Gelita NZ Ltd, Christchurch, New Zealand 
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Appendix 4. List of publications and presentations. 
 
Refereed Journal Articles 

1.) Neo, Y. P., Swift, S., Ray, S., Gizdavic-Nikolaidis, M., Jin, J., & Perera, C. O. (2013). 
Evaluation of gallic acid loaded zein sub-micron electrospun fibre mats as novel active 
packaging materials. Food Chemistry, 141, 3192-3200. 

 
2.) Neo, Y. P., Ray, S., Jin, J., Gizdavic-Nikolaidis, M., Nieuwoudt, M. K., Liu, D., & Quek, S. 

Y. (2013). Encapsulation of food grade antioxidant in natural biopolymer by electrospinning 
technique: A physicochemical study based on zein–gallic acid system. Food Chemistry, 136, 
1013-1021. 

 
3.) Neo, Y. P., Ray, S., Easteal, A. J., Gizdavic-Nikolaidis, M., & Quek, S. Y. (2012). Influence 

of solution and processing parameters towards the fabrication of electrospun zein fibers with 
sub-micron diameter. Journal of Food Engineering, 109, 645-651. 

 
 
Poster and oral presentation 

1.) Neo, Y.P., Perera, C., & Jin, J. Electrospinning for encapsulation in food applications: friend 
or foe? Australia Institute of Food Science & Technology (AIFST) Annual Conference, 14-
16th July 2013, Brisbane, Australia. 

 
2.) Neo, Y.P., Perera, C., & Jin, J. Electrospinning for encapsulation in food applications: friend 

or foe? New Zealand Institute of Food Science & Technology (NZIFST) Annual Conference, 
2-4th July 2013, Hawkes Bay, New Zealand. 

 
3.) Neo, Y.P., Perera, C., & Jin, J. Electrospinning for encapsulation in food applications: friend 

or foe? 2013 Chemistry Research Showcase. 12th June 2012, Auckland, New Zealand. 
 

4.) Neo, Y.P., Ray, S., Gizdavic-Nikolaidis M., Jin, J. & Quek, S.Y. Encapsulation of gallic acid 
in zein electrospun sub-micron fibers. XX International Conference on Bioencapsulation, 21-
24th September 2012, Orillia, Ontario, Canada. 

 
5.) Neo, Y. P., Quek, S. Y., Jin, J., Ray, S, & Gizdavic-Nikolaidis, M. Preparation of zein 

ultrafine fibers as a carrier of antioxidants. New Zealand Institute of Food Science & 
Technology (NZIFST) Annual Conference, 26-28th June 2012, Hamilton, New Zealand. 

 
6.) Neo, Y. P., Quek, S. Y., Jin, J., Ray, S, & Gizdavic-Nikolaidis, M. Third generation solid 

dispersions of gallic acid in electrospun composite sub-micon fibers. 2012 Chemistry 
Research Showcase. 6th June 2012, Auckland, New Zealand. 

 
7.) Neo, Y. P., Ray, S., Gizdavic-Nikolaidis, M., Jin, J. Y. & Quek, S. Y. Electrospinning of zein 

fibers as carriers of catechin. Faculty of Science Postgraduate Poster Competition 2011, 29th 
August to 8th September 2011, Auckland, New Zealand. 

 
8.) Neo, Y. P., Quek, S. Y., Gizdavic-Nikolaidis, M.. Ray, S., & Easteal, A. J., Correlation of 

solution rheology with the morphology of electrospun zein sub-micron fibers. New Zealand 
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Chemistry Research Showcase. 8th June 2011, Auckland, New Zealand. 

 

224 
 



10.) Neo, Y. P., Quek, S. Y., Gizdavic-Nikolaidis, M., Ray, S., Easteal, A. J., & Hemar, Y. 
Electrospinning of food grade nanofibers. 10th Annual Functional Food Symposium, 
Functional Foods 2010: Brains, Bounce and Baby Boomers, 16th November 2010, Auckland, 
New Zealand.  

 
11.) Neo, Y. P., Quek, S. Y., Gizdavic-Nikolaidis, M., Ray, S., & Easteal, A. J. Electrospinning of 

gelatin nanofibers. New Zealand Institute of Food Science & Technology (NZIFST) Annual 
Conference, 23-25th June 2010, Auckland, New Zealand.  

 
 

225 
 


	front page-2
	i-iii
	iv acknowledgement
	table of contents
	list of table
	list of figures
	list abbreviations
	chap1
	1.1 Introduction
	1.2 Historical background of electrospinning
	1.3 Electrospinning: theory and process
	1.4 Control of electrospun fiber morphology and diameter
	1.5 Methods of electrospinning encapsulation
	1.5.1 Blend electrospinning
	1.5.2 Co-axial electrospinning
	1.5.3 Emulsion electrospinning
	1.5.4 Surface loading after electrospinning

	1.6 Biopolymers suitable for electrospinning process in food
	1.6.1 Carbohydrates
	1.6.1.1 Cellulose
	1.6.1.2 Chitin and chitosan
	1.6.1.3 Dextran and pullulan
	1.6.1.4 Alginates, pectin and guar gum
	1.6.1.5 Starch

	1.6.2 Protein
	1.6.2.1 Collagen and gelatine
	1.6.2.2 Caseins and whey protein
	1.6.2.3 Prolamins
	1.6.2.4 Other protein based biopolymers

	1.6.3 Lipid
	1.6.4 Synthetic polymers

	1.7 Applications of electrospinning for food ingredients encapsulation
	1.8 Regulatory aspects of nanostructured materials in food
	1.9 Challenges, strategies and outlook
	1.10 Research objectives
	1.10.1 Aims
	1.10.2 Rationale and significance
	1.10.3 Research approach


	chap2
	2.1 Introduction
	2.2 Materials and Methods
	2.2.1 Materials
	2.2.2 Preparation of bergamot oil in water emulsions
	2.2.3 Preparation of stock solution for electrospinning
	2.2.4 Electrospinning process
	2.2.5 Scanning electron microscopy (SEM)

	2.3 Results and discussion
	2.3.1 Electrospinning of protein biopolymers
	2.3.2 Electrospinning of dextran with different molecular weights
	2.3.3 Electrospinning of pectin and sodium alginate
	2.3.4 Incorporation of active component into the electrospun fibers

	2.4 Conclusion

	chap3-2
	3.1 Introduction
	3.2 Materials and Methods
	3.2.1 Materials
	3.2.2 Rheology of the solutions
	3.2.3 Electrospinning process
	3.2.4 Scanning electron microscopy (SEM)
	3.2.5 Statistical analysis

	3.3 Results and Discussion
	3.3.1 Zein solution rheology
	3.3.2 Electrospun fiber morphology: solution concentration dependence
	3.3.3 Electrospun fiber morphology: processing parameters dependence
	3.3.4 Response surface function
	3.3.5 Interpretation of residual plots
	3.3.6 Response surface plot of fiber diameters

	3.4 Conclusion

	chap4
	4.1 Introduction
	4.2 Materials and Methods
	4.2.1 Materials
	4.2.2 Electrospinning process
	4.2.3 Electron microscopies
	4.2.4 Thermal analyses
	4.2.5 X-ray diffraction (XRD)
	4.2.6 Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy
	4.2.7 Loading efficiency of gallic acid in zein electrospun fibers
	4.2.8 1,1’-diphenyl-2-picrylhydrazyl (DPPH) antioxidant assay
	4.2.9 Statistical analysis

	4.3 Results and discussion
	4.3.1 Influence of gallic acid on viscosity and conductivity of zein solutions
	4.3.2 Evidence of gallic acid encapsulation in electrospun fibers
	4.3.3 Thermal properties of the electrospun fibers
	4.3.4 Physical state of gallic acid in zein electrospun fibers
	4.3.5 Interaction between gallic acid and zein
	4.3.6 Thermal stability of the electrospun fibers
	4.3.7 Loading efficiency of gallic acid in zein electrospun fibers
	4.3.8 Antioxidant activity of the electrospun fibers

	4.4 Conclusion

	chap5-2
	5.1 Introduction
	5.2 Materials and Methods
	5.2.1 Materials
	5.2.2 Electrospinning process
	5.2.3 X-ray Photon spectroscopy (XPS)
	5.2.4 Water activity (aw)
	5.2.5 Colour measurement
	5.2.6 Stability test
	5.2.7 Release assay
	5.2.8 Release mechanism
	5.2.9 Cytotoxicity assays
	5.2.9.1 Cell culture
	5.2.9.2 Determination of cell proliferation
	5.2.9.3 Morphology of the proliferated L929 fibroblasts on the electrospun fibers

	5.2.10 Antimicrobial efficacies of the electrospun fibers
	5.2.11 Statistical analysis

	5.3 Results and discussion
	5.3.1 Surface chemistry of the electrospun fibers
	5.3.2 Water activity (aw) of the electrospun fiber mats
	5.3.3 Colour measurement of the electrospun fiber mats
	5.3.4 Time dependence stability of the electrospun fibers
	5.3.5 Gallic acid release profile in water
	5.3.6 Determination of the release mechanism
	5.3.7 Cytotoxicity of the electrospun fibers
	5.3.8 Antimicrobial efficacies of Ze and Ze-GA electrospun fibers

	5.4 Conclusion

	chap6-2
	6.1 Introduction
	6.2 Materials and Methods
	6.2.1 Materials
	6.2.2 Electrospinning process
	6.2.3 Scanning electron microscopy (SEM)
	6.2.4 Colour measurement
	6.2.5 Dissolution process
	6.2.6 Water contact angle
	6.2.7 1,1’-diphenyl-2-picrylhydrazyl (DPPH) antioxidant assay
	6.2.8 Release assay
	6.2.9 Release mechanism
	6.2.10 Dynamic mechanical analysis (DMA)
	6.2.11 Gel permeation chromatography (GPC)
	6.2.12 Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy
	6.2.13 13C Solid state nuclear magnetic resonance (SS-NMR)
	6.2.14 Statistical analysis

	6.3 Results and discussion
	6.3.1 Morphological and dissolution properties of the fiber mats
	6.3.2 Water contact angle of the heat-cured electrospun fiber mats
	6.3.3 Antioxidant activity of the heat-cured electrospun fibers
	6.3.4 Release performance and mechanism of the loaded gallic acid
	6.3.5 Thermo-mechanical properties of the electrospun fiber mats
	6.3.6 Molecular characteristics of the electrospun fibers
	6.3.7 Compositional analysis of the electrospun fiber mats
	6.3.8 Assignment of 13C peaks

	6.4 Conclusion

	chap7
	7.1 General discussion
	7.2 Overall conclusions and future work

	chap8
	Appendices
	coversheet.pdf
	http://researchspace.auckland.ac.nz
	ResearchSpace@Auckland
	Copyright Statement
	General copyright and disclaimer




