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Electrospinning has been used to produce nonwoven mats from the nano- and 

microscale fibers by applying an electric field to a viscous polymer solution. Milk-based 

proteins (nonfat dry milk and caseinates) cannot be electrospun, they must incorporate with 

an electrospinnable, food- grade carrier polymer to produce edible fibers. To obtain the 

fibers, polymer solutions must meet some criteria specifically viscosity and molecular 

chain entanglement, which is a necessity for a successful electrospinning process. 

However, many proteins, which can self-assemble in 3-D structure by intermolecular 

interactions including hydrogen bonds, hydrophobic, and electrostatic interactions, have 

lack of chain entanglements that can be improved by their dissolution in organic polar 

solvents which is not for food use.  

This study demonstrates the electrospinning of nonfat dry milk (NFDM) and 

caseinate proteins (CAS) blended with an electrospinnable polysaccharide, pullulan (PUL) 

to produce food-grade ultrafine fibers and fibrous mats. It also evaluates the theoretical 

mechanism behind the inability to electrospin these milk-based proteins by investigating 

the relationship between solution rheology and fiber formation and morphology. First, neat 

NFDM, CAS, and PUL have to fully dissolve in aqueous solutions and governing 
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parameters need to be optimized. Based on these optimized conditions, NFDM and CAS 

can be electrospun into the ultrafine fibers and fibrous mats as they blended with PUL.  

The chemical and physical properties of NFDM and CAS blended with PUL fibers 

were examined using SEM micrograph, FTIR-ATR spectra, and the mechanical properties 

of their fibrous mats. Furthermore, bioactive living cell, Lactobacillus Rhamnosus GG, was 

chosen as a model application to encapsulate within the electrospun CAS: PUL blend 

fibrous mats to evaluate its recovery. 

This study establishes the fundamental principles for the NFDM- and CAS-based 

nanofibers and nanofibrous mats for future studies. The nanofibrous mats possess smaller 

diameter fibers increasing the surface area-to-volume ratio and the porosity between the 

fibers. Therefore, the motivation of this study is to use these food-grade fibrous mats in 

many food applications including controlled nutrient delivery or flavor enhancement, 

sensitive bioactives encapsulation, texture improvement, functional foods, and beverages 

contribute to health-promoting foods.   
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CHAPTER 1 

Introduction 

Electrospinning is a technology to produce a nonwoven mat from fibers on the 

micro- and nano-scale by applying an electric field to a polymer solution or polymer melt. 

It has become a versatile and valuable technique for the fabrication of long polymer fibers 

with diameters ranging from 0.01 µm to 10 µm. As the fibers have small pore sizes with 

an interconnected structure and a large surface area per unit volume, the technique has been 

employed in many applications such as air filtration (Chung et al., 2004), tissue engineering 

(Huang et al., 2003), drug delivery (Kenawy et al., 2002), and wound dressings (Katti et 

al., 2004).  

The basic setup of electrospinning process consists of four main components which 

are a pump, a syringe to contain a polymer solution linked to a needle, an external voltage 

supply, and a grounded collector or counter electrode for collecting the fibers in a fibrous 

mat. The solution forms a pendant drop through a capillary tip of the syringe. The drop is 

balanced at the tip by the surface tension of the solution and is ejected when an electrostatic 

force overcomes the surface tension (Shenoy et al., 2005; Greiner and Wendorff, 2007). 

The applied electric field makes the pendant drop to form into a cone shape, called Taylor 

cone, which then forms a continuous jet. As the jet moves towards the grounded collector, 

it becomes narrower and forms an unstable whipping leading to continuous randomly 

oriented fibers in the form of a fibrous mat by accumulating on the grounded collector. 

The electrospinning process is governed by both solution properties and processing 

parameters. To obtain nanofibers, polymer solution must meet several criteria. The 

polymers should be highly soluble and have random coil structure in the solvent and of 
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concentration in which the polymer chains can entangle and stretch. It must have a 

minimum viscosity to maintain an electrified jet through the molecular chain 

entanglements to form the continuous electrospun ultrafine fiber without a jet breakup 

(Greiner and Wendorff, 2007; Kriegel et al., 2008; Schiffman and Schauer, 2008). If the 

viscosity is too low, electrospraying occurs instead of the electrospinning, which is causing 

the solution to drip from the tip of the needle (Shenoy et al., 2005). If it is too high, the 

viscosity restricts the flow of the polymer solution from the tip of the syringe needle due 

to the solidification of the viscous solution (Subbiah et al., 2005). Surface tension and 

electrical conductivity may also affect the processing and the fiber morphology. The 

surface tension of the polymer solution determines the amount of charge repulsion needed 

to initiate the formation of the Taylor cone and the polymer jet (Alborzi et al., 2010; Liu et 

al., 2016). The electrical conductivity of the solution governs the stability of the static 

charge that develops on the surface of the pendant droplet, which establishes an adequate 

electrostatic force to overcome the surface tension of the droplet to form the polymer jet 

(Alborzi et al., 2010; Liu et al., 2016). In addition to the solution properties, some of the 

key parameters of the processing including voltage, distance from the tip of the needle to 

the collector, and the flow rate may affect the processing and the fiber morphology. 

The electrospinning of synthetic and water-soluble polymers dissolving in organic 

solvents has been extensively studied and reviewed in the literature for biomedical and 

other applications (Huang et al., 2003; Tan et al., 2005; Wendorff, Agarwal, and Greiner, 

2012). However, there are a few examples of food-based polymers including 

polysaccharides and proteins electrospun from their aqueous solutions for food use. 

Electrospinning of natural polymers requires to have a minimum viscosity which is a 
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function of concentration, thus in effect the molecular weight (Mw) of polymer which can 

facilitate the chain overlap and entanglements. For example, Stijnman et al (2011) reported 

that the aqueous solutions of polysaccharides produced electrospun fibers when the 

solutions have the concentrations ranging between 10 and 20 wt% and present a weak 

shear-thinning behavior at the shear rate less than 1000 s-1 (Stijnman, Bodnar, and Hans 

Tromp, 2011). Under these conditions, the food-grade, electrospun fibers were formed 

from dextran and pullulan (PUL) solutions, whereas pectin, gum arabic, alginate, and many 

more polysaccharides in aqueous solutions were not electrospun due to their strong shear 

thinning behavior, high viscosity, and compact, globular-like chains causing a lack of chain 

entanglements which play a crucial role in the electrospinning process (McKee et al., 2004; 

Stijnman et al., 2011). 

Proteins dissolved in water are challenging to electrospin because of their 3-D 

structures including complex secondary (i.e. alpha-helix, beta-sheets), tertiary structure, 

and/or globular structure, which have less and weak interactions with each other to stretch 

and entangle under an electric field. Specifically, nonfat dry milk (NFDM) and its 

derivatives, pure calcium (CaCAS) or sodium (NaCAS) caseinates dissolved in water 

cannot be electrospun alone due to their complex macromolecular and strong inter- and/or 

intramolecular forces (Xie and Hsieh, 2003; Nieuwland et al., 2013). CaCAS forms a 

colloidal structure in the presence of Ca2+ by hydrophobically linked phosphoserine groups 

(Pitkowski, Nicolai, and Durand, 2009; Thomar et al., 2012; Tomasula et al., 2016), 

causing the lack of molecular entanglements (Nieuwland et al., 2013). NaCAS dissolved 

in water exists as small protein strands and agglomerates, limiting the protein chain 

entanglements at lower viscosities (McMahon and Oommen, 2013). At higher viscosities, 
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it can form the jamming of the small protein pieces, which causes a sharp increase in 

viscosity, challenging its processing (Thomar et al., 2012; Tomasula et al., 2016). Also, 

their high electrical conductivities may constrain the formation of electrostatic forces 

among the protein molecules under the electric field. 

To electrospin proteins, an approach is to use organic solvents which have a good 

solvent quality to interrupt both intra- and intermolecular interactions, dissolving in a 

random coil conformation. Using organic solvents including hexafluoro-2-propanol 

(HFIP), trifluoroethanol (TEE) and/or aqueous acids (40 % acetic acid or 98 % formic 

acid), collagen and gelatin (Huang et al., 2004; Ki et al., 2005; Zhang et al., 2006; Chong 

et al., 2007; Son et al., 2013; Aduba et al., 2013; Xue et al., 2014; Xu et al., 2015; Wang et 

al., 2016), silk (Kawahara et al., 2008), fibrinogen (Min et al., 2004), and hemoglobin 

(Barnes et al., 2006) produced electrospun fibers for the biomedical and other applications. 

However, using these solvents is not applicable for food applications.  

To overcome the inability to electrospin aqueous protein solutions, another 

approach is an incorporation of a carrier polymer such as polyethylene oxide (PEO) or 

polyvinyl alcohol (PVA) for zein and NaCAS (Nieuwland et al., 2013), and PUL for both 

pectin (Liu et al., 2016) and CAS proteins (Tomasula et al., 2016), which such cannot be 

electrospun alone. The carrier polymers can disrupt the 3-D structure of proteins and 

promote the chain entanglements of the protein molecules along under the electric field. It 

is also assumed that they can lower the surface tension and electrical conductivity of the 

blended solutions to ease the electrospinning of protein molecules (Alborzi et al., 2010; 

Nieuwland et al., 2013). Also, non-food carrier polymer has to be used as low as possible 

to produce fibers from proteins to use. For example, PVA or PEO, as an electrospinnable 
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carrier, is employed with the ratio of proteins of 1:1 to 1:20 for protein-based nanofibers 

including collagen, whey protein isolate (WPI), elastin, soy protein, silk, and keratin in 

biomedical applications (Huang et al., 2001; Buttafoco et al., 2006; Vega-Lugo, Cristina, 

and Lim, 2009; Ramji and Shah, 2014). However, these nanofibers cannot be used in foods 

because of the incorporation of non-food carrier polymers.  

A few proteins and polysaccharides dissolved in aqueous solutions can be readily 

electrospun and acceptable for food use. PUL, an electrospinnable polysaccharide (Kong 

and Ziegler, 2014), is used as electrospinning carrier for whey protein concentrate (López-

Rubio et al., 2012), pectin (Liu et al., 2016), and caseinate (CAS) proteins (Tomasula et 

al., 2016). PUL is a linear and non-charged food-grade polysaccharide with repeating units 

of both maltotrioses linked by α-(1→6) linkages and glucopyranose connected by α-(1→4) 

glucosidic bonds (Kong and Ziegler, 2014; Tomasula et al., 2016). Tomasula et al (2016) 

shortly reported that edible electrospun nanofibrous mats were produced from aqueous 

CAS only by incorporating PUL (Tomasula et al., 2016). The impacts of solution properties 

on molecular configurations or entanglements and their correlation with electrospinnability 

of CAS have not been extensively studied. These studies both examined the microstructure, 

thermal properties, and fiber morphology but not the relationship between solution 

viscosity and the molecular entanglement as well as fiber formation. 

Studies have been shown empirically that electrospun fiber formation is correlated 

with the amount of polymer chain entanglements which results from molecular weight and 

viscosity as a function of concentration. For the polymers with molecular weight, M, above 

the entanglement molecular weight, Me, the entanglement concentration (ce) is the 

minimum concentration required for the chain entanglements to facilitate the 
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electrospinning to observe the fiber. Wool (1993) theoretically predicted that zero shear 

viscosity (h0) was proportional to M3.4 and c3.5 for linear and neutral random coil polymers 

(Wool, 1993). Morris et al (1981) reported that specific viscosity (hsp) was proportional to 

c3.3 for the random coil polysaccharides including dextran, alginate, lambda-carrageenan, 

and hyaluronate (Morris et al., 1981). Even though these experimental and theoretical 

studies are related to the association between the rheological properties of polymer 

solutions and the chain entanglement, any study regarding the relationship between the 

rheology of milk-based proteins blended with PUL solutions and the point at which 

molecular chain entanglements occur has been reported in the literature. 

Our aim is to establish a correlation between viscosity and fiber formation in the 

electrospinning of aqueous NFDM and CAS solutions with and without PUL. We 

hypothesized that the concentrations of the milk proteins-based solutions must exceed the 

ce for the fiber formation. A stable jet is needed for a successful electrospinning and it is 

only formed when the sufficient chain entanglements occur. The increase in the polymer 

concentration stabilizes the jet, and then fiber formation. Therefore, the chain 

entanglements increases with increasing the polymer concentration have been considered 

to correlate to the electrospinnability of polymers and their fiber structures. Because the 

electrospinning of NFDM and CAS solutions was challenging, the solutions were 

electrospun under a variety of conditions such as increasing concentration and pH with and 

without adding PUL carrier to establish the correlation between the solution rheology, 

specifically, viscosity and molecular entanglements, and the electrospinnability of neat 

milk-based proteins in aqueous solutions. The effect of PUL carrier on the solution 

viscosity, molecular entanglements, and fiber morphology of the proteins was examined.  
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1.1 Impact of this project  

The thesis is expected to have the following impacts: extend the ability to 

electrospin milk proteins, NFDM and CAS. Tomasula et al (2016) reported that CAS 

blended with PUL produced nanofibrous mats with an average diameter of 172 nm. This 

means that if the hypothesis of this study is achieved, not only creating edible nanofibrous 

mats from milk-based proteins can be sharply boosted, but they can also be potential 

candidates for the encapsulation of bioactive compounds to contribute to health-promoting 

foods in addition to the nutrition properties of milk-based proteins by itself. The mats can 

carry more bioactive compounds than edible films and coatings because of their higher 

surface area-to-volume ratio and pores in their 3-D structures.  

The importance of this technique: The surface area-to-volume ratio will be 

incredibly increased for the electrospun ultrafine fibers obtained from the polymers as the 

diameters of the fibers are reduced from the micrometers to the nanometers. Therefore, the 

encapsulation of the bioactive compounds within the nanofibrous mats for food use and 

their mechanical properties can be improved compared to other known forms of materials 

such edible films and coatings (Tomasula et al., 1998; Tomasula et al., 2003; Dangaran, 

Tomasula, and Qi, 2009; Bonnaillie et al., 2014). Researchers have reported that the 

electrospun fibers have a very high surface area-to-mass ratio ranging from 500 to 10 m2/g 

for the diameters from 10 to 500 nm (Gibson et al., 2001; Zhang et al., 2005; Reneker and 

Fong, 2006), as well as surface area-to-volume ratio of about 1000 times than human hair 

(Greiner and Wendorff, 2007; Angammana and Jayaram, 2016). For instance, Figure 1 

shows pullulan (PUL) nanofibers with diameters of 230 nm fabricated by the 

electrospinning of 12 wt% PUL in aqueous solution in this study, compared to a human 
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hair with a diameter of around 100 µm. If we calculated the surface area-to-volume ratio 

to demonstrate a rough minimum estimate, the ratio will be about 500 times increased 

compared to the human hair by assuming that the fiber has a cylindrical structure. The 3-

D fibrous nature of these mats, with smaller diameter fibers increasing the ratio of surface 

area/volume and larger diameter fibers increasing the pore sizes between the fibers, is 

intriguing for their potential use in functional foods and beverages as ingredient carriers. 

 
Figure 1: SEM images of polysaccharide fibers with a diameter of 230 nm obtained from 
12 wt% pullulan (PUL) compared to a human hair piece with a diameter of about 100 µm 
(Magnified 5000×). 

 
1.2 Overview of the thesis 

The thesis is divided into 8 chapters which are Introduction (Chapter 1), theoretical 

background (Chapter 2), objectives of the study (Chapter 3), materials and methods 

(Chapter 4), results and discussion (Chapters 5, 6, and 7), and finally the conclusion and 

future work (Chapter 8). 
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• In Chapter 2, the theoretical background of the electrospinning technique and a basic 

electrospinning setup will be explained together with some mathematical equations of 

the process. A description of the proteins selected in this work are given and their 

electrospinning studies in the literature are reviewed.  

Ø This chapter supports the hypothesis and why the solution viscosity and the 

molecular chain entanglements are important for the electrospinning of milk-based 

protein solutions.  

• In Chapter 3, the objectives and the sub-objectives of this study will be explained in 

detail. 

• In Chapter 4, the methodology including materials, solution preparation, 

electrospinning setup, and characterization techniques will be mentioned. 

• In Chapter 5, the first part of the experimental results on the electrospinning of the 

control samples including PUL, NFDM, and Ca- and NaCAS will be presented and 

discussed. Also, the correlation between the solution rheology, including 

concentration, viscosity, and molecular chain entanglements, and fiber morphology 

will be reported and discussed.  

Ø Objective 1 and Sub-objectives 1a and 1b will be explained in this chapter.  

Ø In Chapter 6, the second part of the experimental results will cover the effect of PUL 

as a carrier on the electrospinnability of NFDM and CAS by considering the conclusion 

from Chapter 4.  

Ø Objective 2 will be explained in this chapter.  
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Ø In Chapter 7, the third part of the experimental results will be provided. It determines 

the effect of pH adjustment of CAS (pH 8, 9, and 10) blended with PUL on the solution 

viscosity and the fiber morphology.  

Ø Objective 3 and Sub-objectives 3a, 3b, and 3c will be presented in this chapter.  

Ø In Chapter 8, conclusion and future work will be provided in this chapter.  
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CHAPTER 2 

Theoretical Background  

The principle, governing parameters, and setup system of the electrospinning 

technique are mentioned in the first two parts. A short review is provided a general idea 

how the system works, what parameters can influence the processing, as well as the 

importance of concentration dependence and polymer chain entanglements which play an 

important role for a successful electrospinning process. Electrospinning of food-grade 

biopolymers and their potential applications are summarized in the last part.  

2.1 Ultrafine fibers 

Ultrafine fibers are usually defined as fibers with diameters of less than 1000 nm 

with length-to-width ratios typically greater than 50. When the diameter of fibers is 

reduced, the ratio of surface area to volume of fibers will be increased. Their mechanical 

and surface functionalities can be improved compared to other forms produced from the 

same materials such as microfibers or films. Due to their unique properties, nanostructures 

have a wide range of use in biomedical applications such as wound dressings and tissue 

scaffolds, environmental applications such as filter media, as well as protective clothing. 

A research report on nanofibers was published that the global nanofiber market reached 

$203.2 and $276.8 million in 2013 and 2014, respectively, which represents the annual 

growth rate of 38 % between 2015 and 2020 (Business Communications Company, Inc. 

Research (BCC) report code NAN043D, 2016)  

Ultrafine fibers can be fabricated by several techniques including template 

synthesis, drawing, phase separation, self-assembly, and electrospinning. 
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Template synthesis is similar to melt spinning or extrusion and produces polymer 

nanofibers by using a nanoporous membrane. In this method, molten polymer travels from 

an extruder and passes through a filter and spinneret (Tavares et al., 2014). After extruding 

the polymer, nanofibers are produced by solidifying solution. Nanometer tubules and fibrils 

of various materials including carbon, conducting polymers, metals and semiconductors 

can be produced by this technique. However, there are two disadvantages including small-

scale production and discontinuous fibers.  

Drawing, also known as cold drawing, is a simple technique to produce plastic 

fibers. The fibers are improved to have a higher tensile strength, lower elongation, and an 

increased oriented crystallization (Anton and Baird, 2001). In this process, an ultrafine 

fiber is pulled from a droplet of a polymer solution at a certain temperature and relative 

humidity and the solvent evaporates. To produce the fiber, the viscoelasticity of the 

polymer should have sufficient cohesiveness to support the deformation, following by the 

evaporation of solvent and solidification of fibers (Feng, 2003). However, this technique 

is limited to produce nanofibers only in laboratory scale because it forms discontinuous 

fibers. 

Phase separation only produces a nanofiber matrix from limited specific polymers 

such as poly (ʟ-lactic acid) (PLLA) (Ma and Zhang, 1999). In this technique, polymer 

gelation is the main mechanism and the solvent is extracted from the gel. Water is generally 

used to replace the solvent and removed by freeze-drying the gel. The porous structure of 

the membrane can be manipulated by controlling the polymer concentration, types of 

polymers and solvents, and temperature, whereas the fiber dimensions cannot be controlled 

because of the porous structure.  
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Self-assembly is a technique to produce a smaller nanofiber (even lower than 100 

nm) by taking advantage of the intermolecular forces of polymers which can arrange 

themselves into different configurations such as hydrogen bonding, hydrophobic 

interactions. It can only produce the nanofibers on the laboratory scale and is limited to 

control the fiber diameters (Beachley and Wen, 2010).  

These methods have various disadvantages. Drawing, for example, is the simplest 

method to produce ultrafine fibers, but the fibers are not formed continuously. Phase 

separation and self-assembly techniques require a longer preparation time compared to 

other methods. To overcome these downfalls, electrospinning technique has a potential to 

make a continuous nanofiber, of which dimension can be controlled, and it can be 

applicable for a large variety of polymers.  

Electrospinning is a process or technique that allows production of fibers on 

micro-/or nano-scale by from an electrically charged jet of polymer solution or melt. This 

technique is very simple to operate, convenient, and has low operating cost (Huang et al., 

2003; Greiner and Wendorff, 2007). Among the other techniques to produce ultrafine fibers 

mentioned previously, electrospinning has the only technique that can produce nanofibers 

with the length of several meters on an industrial scale. In addition, the diameter of fibers 

and fiber directions can be controlled to produce aligned fibers depending on solution 

properties, electrospinning setup, and process parameters.  

The process was first patented by John F. Cooley (1902) and later by Anton 

Formhals in 1934 for commercial production of the filaments from polymers (Formhals, 

1934). The early studies of electrospinning had been continued by many researchers 

(Taylor and Acrivos, 1964; Taylor, 1966; Baumgarten, 1971). In 1960’s, the jet forming 
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process of a polymer solution was fundamentally studied by investigating the cone shape 

of the polymer droplets at the tip of the needle with the presence of the electric field (Taylor 

and Acrivos, 1964; Taylor, 1966). In following years, researchers focused on the 

characterization of electrospun nanofibers and the relationship between the process 

parameters and fiber morphology. For example, Baumgarten (1971) carried out the 

electrospinning of acrylic fibers and produced fibers with the diameter of 500 to 1000 nm 

(Baumgarten, 1971). Reneker’s group and others reignited interest in electrospinning 

research (Chun and Reneker, 1996; Bosworth and Downes, 2011). Doshi and Reneker 

(1995) attempted to characterize the electrospinning of polyethylene oxide (PEO) by 

varying the solution concentration and applied voltage (Doshi and Reneker, 1995). Several 

applications developed soon after, mainly in biomedical, biosensor, encapsulation of 

bioactive compounds, and others (Kriegel et al., 2008; Sill and von Recum, 2008; Bhardwaj 

and Kundu, 2010; Haider, Haider, and Kang, 2015; Liu et al., 2016; Quirós et al., 2016; 

Mendes, Stephansen, and Chronakis, 2017; Mercante et al., 2017).  

2.2 The Electrospinning Process 

A basic laboratory electrospinning setup (Figure 2) requires four main components 

which are a pump, a syringe to contain the polymer solution linked to a needle, a power 

supply, and a grounded collector, which is usually a rotating drum for collecting the fiber 

in a fibrous mat. The drum is typically wrapped in an aluminum foil for collecting the 

fibrous mat. The syringe with the needle is attached to a base which moves horizontally 

from side to side to deposit the fiber onto the drum to a defined width. In the setup, the 

positive electrode is linked to the needle attached to the syringe filled with the polymer 

solution when the collector is grounded, as shown in Figure 2 (Tomasula et al., 2016).  
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Figure 2: Diagram of electrospinning process (a), spinning taken by a high-speed camera 
(b and c). 

 
A viscous polymer solution or melt is fed through a capillary tube or a small needle. 

Without applying the electric field, the viscous solution forms a pendant droplet at the tip 

of the needle or capillary tube due to the surface tension of the solution. The electrospinning 

process begins as the external voltage is applied to the solution. When the electrostatic 

force due to the applied voltage overcomes the surface tension of the pendant droplet, an 

electrified jet travels to the grounded collector. Then, it undergoes an instable bending and 

whipping occurs as it gets closer to the collector. This can be visually seen as spraying 

droplets or stretched strings of the solution, but it needs high-speed cameras to observe the 

rapid oscillation and bending, as shown in Figures 2b and 2c. During this journey through 

the distance, which is usually 10-20 cm, the solvent evaporates and leaves behind a charged 

fiber on the grounded collector (Deitzel et al., 2001; Huang et al., 2003).  

The process can be divided into three regimes from the tip of the needle to the 

collector, as shown in Figure 3 (Taylor, 1966).  

Regime I: The electrospinning process begins when a charged polymer solution or 

melt with sufficient molecular entanglements becomes a charged fluid jet in the presence 
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of an electric field. After the generation of the electric field, the conical formation occurs 

from a combination of charge repulsion of the droplet and the surface tension of the 

polymer liquid. When an electrical repulsion exceeds the surface tension of the solution, it 

leads to the formation of Taylor cone (Taylor 1964, 1966).  

 
Figure 3: Three regimes, of the electrospinning process; (I) Taylor cone, (II) cone-jet and 
(III) whipping jet. 

 

Regime II: Taylor cone shape turns into a continuous, stable jet due to the 

molecular chain entanglement and viscosity of the polymer solution. Then, the solution jet 

will remain stable for a certain distance following by a whipping motion. During the jet 

flight towards to the collector, the speed of the solution jet increases with the distance away 

from the needle tip and increasing with the applied voltage. Studies have been estimated 

the speed ranging from 0.5 to 5 m/s by either using the high-speed camera or laser doppler 

velocimetry (Bellan, Craighead, and Hinestroza, 2007; Reneker and Yarin, 2008). 

Regime III: During the jet flight, the solvent evaporates and a coil with many turns 

is generated as the jet extensively stretches in response to the Coulomb repulsion of the 
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charge. Therefore, the evaporation of solvent along with the elongation of jet thins the jet 

when it closes to the counter electrode. Then, the jet leaves behind a charged and 

continuous fibrous nanofiber on the collector, and the fiber diameter is reduced to 

nanometer scale (Reneker et al., 2000; Shenoy et al., 2005; Reneker and Yarin, 2008). 

The electrospinning process depends upon the combination of solution properties, 

processing conditions, and environmental conditions. The main factors of the polymer 

solution include viscosity which is a function of concentration and molecular weight of 

polymers, surface tension, and electrical conductivity. A jet formed from either low 

molecular weight fluid or less concentrated high molecular weight fluid breaks up into 

small droplets, known as electrospraying because less viscous solutions cannot provide 

enough polymer chain entanglement favoring the jet to elongate and stretch under the 

electric field (Greiner and Wendorff, 2007). However, the polymer solution with enough 

viscosity which in effect high molecular weight, which promotes molecular chain 

entanglements, does not break up and undergoes a bending instability that causes a whip-

like motion between the capillary or needle tip and the grounded target. Some of the key 

parameters of processing involve voltage, the distance from the tip to the collector, and 

flow rate.  

2.3 Effects of parameters on electrospinning 

Even though the electrospinning setup and operating is straightforward, for 

widespread applications there are many unknown factors to be explained including: what 

parameters control the fiber formation, what/how fibers with uniform diameters can be 

obtained, how polymer molecular orientation can affect the electrospinnability of the 

polymer, what properties polymer solutions possess to fabricate nanofibers, and what other 
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parameters affect the resultant nanofibers. To form a continuous jet and ultrafine fiber 

during the electrospinning process is influenced by many interrelated variables, including 

solution properties, processing parameters, and environmental conditions. Solution 

properties include the polymer concentration and molecular weight, viscosity, electrical 

conductivity, surface tension, and the solvent ability, whereas processing conditions are 

usually the applied voltage, flow rate, and the spinning distance (Fong, Chun, and Reneker, 

1999; Subbiah et al., 2005; Greiner and Wendorff, 2007) and is discussed in many reviews 

(Fong, Chun, and Reneker 1999; Subbiah et al., 2005; Greiner and Wendorff, 2007). 

Besides the solution and electrospinning parameters, temperature and humidity also affect 

the diameter and morphology of the nanofibers (Pelipenko et al., 2013; Huan et al., 2015).  

There is a delicate balance between all these variables governing the 

electrospinning process and they are briefly discussed in the following sections. 

2.3.1 Solution Properties  

Rheological properties of the polymer solutions play a crucial role in determining 

the fiber forming ability of the polymer solution in the electrospinning process. The most 

important of the solution properties include the concentration dependence of viscosity, 

surface tension, and electrical conductivity which are varied by the types of polymers, their 

molecular weights, and solution concentration.  

2.3.1.1 Solution viscosity  

To achieve an effective electrospinning, the polymer must be highly soluble and 

have a random coil structure in the solvent. The random coil structure as a function of 

solution concentration is necessary for the polymer chains to entangle, and the solution 

concentration at which employs determines the rheological properties of solution (Wool, 
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1993; Shenoy et al., 2005). There is a concentration at which molecules can begin to 

overlap and entangle each other, which called critical concentration, and they sustain a 

continuous jet for fiber formation beyond this critical point. These critical concentrations 

for the electrospinning of common synthetic and water-soluble polymers have been 

extensively studied, but a few studies have been focused on detail for natural biopolymers 

such as proteins and polysaccharides. 

The solution concentration should have a right viscosity forming a pendant drop at 

the tip of the needle to avoid restricting the flow of the solution from the syringe needle tip 

(Subbiah et al., 2005). The solution viscosity should be enough to maintain a jet formation 

in the electric field to form the continuous nanofiber (Tan et al., 2005; Greiner and 

Wendorff, 2007; Kriegel et al., 2008; Schiffman and Schauer, 2008). For example, 

Tomasula et al (2016) electrospun PUL solutions at the concentrations ranging from 5 to 

15 wt% and reported their fiber morphology, as shown in Figure 4. PUL is a linear 

polysaccharide and have an ability to form electrospun fibers, described in detail in Section 

2.4.4.2. Even though only droplets were generated from the electrospinning of the 5 wt% 

PUL solution, the 8 wt% PUL solution produced beaded fibers due to the electrospraying 

instead of electrospinning which results from the insufficient entanglement of the polymer 

chains, as shown in Figure 4B. However, increasing PUL concentration to 15 wt% favored 

the fiber morphology to have a bead-free and smooth structure compared to less viscous 

PUL solutions. 
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Figure 4: Scanning electron microscopy micrographs of the electrospun fibers obtained 
from 5, 8, and 15 wt% PUL solutions at 50 ºC. The processing conditions were the flow 
rate of 3 mL/h, the voltage of 20 kV. (A) 5 wt% PUL solution, (B) 8 wt% PUL solution, 
(C) 15 wt% PUL solution. 
 

2.3.1.2 Molecular chain entanglement 

Rheological properties of the polymer solutions play a crucial role in determining 

the ability of fiber formation of the polymer solution in the electrospinning process. 

Rheological behavior should be determined to decide whether the polymer solutions are in 

a viscosity range at where electrospinning process can be possible because the 

electrospinning process employs the polymer solutions or melts. Rheology is directly 

related to the polymer chain entanglements which are a function of the viscosity of polymer 

solutions. The number of entanglements (ne) increases with increasing polymer chain 

length and molecular weight, M, due to the dependence of zero shear viscosity, ƞ0, which 

is attributed to the viscous electrospinning solutions (Lukáš et al., 2009). The ƞ0 is directly 

proportional to M or the polymer concentration (c), as shown in Figures 5A and 5B. The 

polymer solution without any entanglements shows Newtonian behavior.  
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Figure 5: Concentration dependence of specific viscosity in polymer solutions with 
constant molecular weights (A); Molecular weight dependence of shear viscosity in 
polymer solutions or melts (Adapted from Agarwal et al., 2016). 

 
It has been reported that a sharp upturn in the ƞ0 versus M plot occurs, resulting 

from corresponding to one entanglement per chain above critical molecular weight, Mc 

(Ferry, 1980; Wool, 1993). Mc relates to the molecular weight corresponding to the 

initiation of the chain entanglements at the ƞ0 and the entanglement molecular weight, Me, 

referring to the average molecular weight between the entanglement junctions of the 

polymer chains. The M dependence of the ƞ0 changes from M1 to M3.4 for neutral, linear, 

random coil polymers (Wool, 1993). The details about the calculations and theoretical 

background are mentioned in the literature (Ferry, 1980; Wool, 1993). Bueche (1956) 

theoretically reported that the ratio of Mc to Me also refers to the ne which is about 2 

(Bueche, 1956). The experimental results suggest that this ratio for many polymers ranges 

from 1.7 to 3 (Graessley, 1974).  

Polymer solution concentration (c) or volume fraction (ɸ) and molecular weight 

influence the ne. In dilute solutions resulting from the c below a critical concentration value, 

c* (c<c*), macromolecular chain overlap is absent due to low molecular weights, which is 
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not favorable for the electrospinning process. The dilute solution usually follows 

Newtonian behavior at low shear rates and the following equation is applied 

τ = η. γ̇                                                Equation 1 

 
where t shear stress (Pa), ƞ is viscosity (Pa. s), and '̇ is the shear rate (s-1).  

Pseudoplastic solutions which are entangled polymer solutions also show a Newtonian 

flow at very low shear rates, and its corresponding the solution viscosity, which is the ƞ0. 

As the c equals to c* (c=c*), the chain overlap is started. The overlap concentration can be 

determined from the viscosity as 

c∗~[η]-.                                            Equation 2 

 
The chain entanglement depends upon the c which is needed to exceed the c* as a 

crossover concentration between the dilute and the semidilute concentration regimes for a 

successful electrospinning process and nanofiber formation to occur (Ghorani and Tucker, 

2015). Shenoy et al (2005) developed a semi-empirical theory related the ne for the solution 

at c~ c* or c> c*, defined as 

n0 = 1
12
= ∅41

12
                                        Equation 3 

 

By assuming that the ƞ0 and M dependence are the same, the sharp turn in the ƞ0 ranging 

from M1 to M3.4 for ne~2 (Shenoy et al., 2005). The ne of 2 for the solution refers to one 

entanglement per chain (ne-1), but the formation of electrospun nanofibers is required the 

polymer solution with the ne greater than 3.5 (Munir et al., 2009), but the entanglement per 

chain will be 2.5. At 2<ne<3.5, it is a transition from the beaded fibers to the smooth, bead-

free fibers. If the ne is less than 2, the electrospraying occurs (Shenoy et al., 2005; Munir 

et al., 2009). 
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Researchers have focused on the concentration dependence of the specific viscosity 

(hsp) to determine the concentration regions and their influence on the electrospinning of 

the polymer solutions. The ƞsp can be calculated by using the equation below 

 η56 = (η8 − η5:;<0=>)/η5:;<0=>                               Equation 4  

 
where ƞsolvent is the solvent viscosity (Millipore DI water in this study) and the ƞ0 is 

zero shear viscosity taken the shear viscosity at which starts to have a constant flow in the 

plot of shear viscosity versus shear rate (s-1) (Kong and Ziegler, 2014; Liu et al., 2016).  

From the plots of the ƞsp as a function of the c for polymer solutions, four regions 

can be identified: the dilute (c< c*), the semidilute unentangled (c*<c<ce), the semidilute 

entangled (ce<c<c**), and the concentrated regimes (c**<c) (Morris et al., 1981; Colby et 

al., 1991; Kong and Ziegler 2014; Liu et al., 2016). Daoud and De Gennes (1979) reported 

that the double logarithmic plots of the ƞsp against the c show a slight increase in the slope 

above the c* while the plots show a pronounced increased in the slope above the ce for the 

synthetic polymer solutions (Daoud and De Gennes, 1979). The solutions are attributed to 

the transition from the dilute solution conditions, which the individual polymer chains exist 

in isolated coils, to the concentrated polymer solutions where more polymer chains are 

present to overlap and entangle (Daoud and De Gennes, 1979). Thus, the ce marks the onset 

of significant polymer chain overlaps and interpenetrations. The literature on the synthetic 

polymers, the term ‘concentrated’ is used for the polymer melts or solutions where the 

polymers dominates over the solvent, and the solutions at a lower concentration than the ce 

are referred to the term ‘semidilute’ (Daoud and De Gennes, 1979). However, to reach such 

extreme concentration is experimentally difficult for all neutral polymer and biopolymers, 

instead four regions (the dilute, the semidilute unentangled, the semidilute entangled, and 
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the concentrated) are used to evaluate the concentration regimes for biopolymers (Morris 

et al., 1981; Colby et al., 1991; McKee et al., 2004). Morris et al (1981) reported that the 

hsp was proportional to c3.3 for the random coil polysaccharides including dextran, alginate, 

lambda-carrageenan, and hyaluronate (Morris et al., 1981).  

Some researchers have reported the concentration dependence of the viscosity for 

neutral and natural polymers. Morris and coworkers (1981) experimentally reported that 

the transition from the dilute to the concentrated solution behavior occurs at the c*~4/[ƞ] 

when ƞsp~10 for a wide range of random coil polysaccharide solutions. In the dilute 

solutions, Morris et al (1981) reported that ƞsp was proportional to c1.4 for the random coil 

polysaccharides, whereas it was proportional to c2.0 and c3.3 in the semidilute entangled and 

the concentrated regimes, respectively (Morris et al., 1981). Daoud and De Gennes (1979) 

predicted the similar values that ƞsp~c1.25 in the semidilute unentangled regime, ƞsp~c4.8 in 

the semidilute entangled regime, and ƞsp~c3.6 in the concentrated regime for neutral and 

linear polymers in a good solvent (Daoud and De Gennes, 1979). Wool et al (1993) 

theoretically established a predicted model system which had the similar results ranging 

from 1.4 to 3.4 from the dilute to the concentrated solutions dissolved in a good solvent, 

respectively (Wool, 1993). Additionally, the concentration dependence of the hsp of sodium 

hyaluronate in phosphate-buffered saline at 25 ºC was determined and found ƞsp~c4.0 in the 

semidilute entangled region, whereas ƞsp~c1.2 was found for the dilute and the semidilute 

unentangled regions (Berriaud, Milas, and Rinaudo, 1994; Krause, Bellomo, and Colby, 

2001). McKee et al (2004) determined the adjustments of the concentration regimes for 

linear and branched poly(ethylene terephthalate-co-ethylene isophthalate) (PET-co-PEI) as 

a function of chain overlap and the ce, and their relationship with electrospinnability 
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(McKee et al., 2004). It was mentioned that the polymer concentration should be 2-2.5 

times the ce (7 wt% polyesters for the study) to fabricate bead-free, smooth electrospun 

nanofibers (McKee et al., 2004). Even though there are many studies about the correlation 

between the rheological properties of synthetic and other polymers solutions and the 

formation and morphology of electrospun fibers, the evaluation of this relationship is 

lacking for food-grade biopolymers such as milk proteins, specifically nonfat dry milk and 

caseinates. 

2.3.1.3 Surface tension and Electrical conductivity  

One of the solution properties is surface tension because it eases the electrospinning 

process, which is related to the electrostatic charge needed to start the formation of the 

polymer jet. Under the electric field, the surface tension could be a factor leading the 

pendant droplet to collapse into the small droplets (Kriegel et al., 2008) or electrospraying 

(Ramakrishna, 2005). 

Electrical conductivity makes the applied voltage to form charged ions among the 

molecules of the solutions leading to the formation of the electrostatic forces. The ions 

increase the charge density carrying the jet, and then overcome the surface tension of the 

pendant drop. The applied voltage results in pushing the solution away from the syringe 

tip into Taylor cone formation and leaving the fibers on the counter electrode (Shenoy et 

al., 2005; Greiner and Wendorff, 2007; Liu et al., 2016). Most polymers are conductive, 

and the charged ions in the polymer solution influence the jet formation.  

2.3.2 Processing parameters  

The processing conditions also affect the electrospinning process along with fiber 

morphology after the solution properties. These parameters are the applied external 
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voltage, the distance between the needle and the collector, flow rate, and needle diameter. 

Their effects have previously been reviewed in many publications (Huang et al., 2003; 

Bhardwaj and Kundu, 2010; Stijnman et al., 2011; Pillay et al., 2013; Ghorani and Tucker, 

2015; Haider et al., 2015). 

The most critical factor in terms of processing conditions is the applied voltage 

because the initiation of the Taylor cone can only occur if the applied voltage is sufficient 

to allow the electrostatic forces to overcome the surface tension. For example, an increase 

in the voltage forms the smaller diameter nanofibers due to charge repulsion within the jet, 

accelerates the jet and increases the polymer stretching as well as the mass ejected from 

the Taylor cone (Sill and von Recum, 2008; Weiss et al., 2012; Okutan, Terzi, and Altay, 

2014). However, if the applied voltage is too high and flow rate at which the solution is 

removed from the tip of the needle may exceed the flow rate of the solution through the 

needle, which causes a breakdown of the Taylor cone and thus the formation of defects 

within the nanofiber structure (Yördem, Papila, and Menceloǧlu, 2008). A lower applied 

voltage sometimes decreases the fiber diameter size because a decrease in the velocity 

causing the breakups of the polymer jet (Yang et al., 2004). 

With the external voltage, the flow rate controls a stable Taylor cone and maintains 

the polymer jet stability (Ghorani and Tucker, 2015). When the flow rate increases, the 

amount of the solution withdrawn from the tip of the needle increases, leading to the 

formation of the fibers with larger diameters (Shin et al., 2001). A lower flow rate allows 

more time for the solvent to evaporate which prevents the formation of junctions or 

interconnected fibers.  
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As the external voltage is applied, the elongation of the polymer jet occurs between 

the tip and the counter electrode. Therefore, changing the distance from tip to collector 

affects the jet travel time and the strength of the electric field. The distance should be 

enough that provides a sufficient time for the evaporation of the solvent because a small 

distance accelerates the jet, which hinders the solvent evaporation (Bhardwaj and Kundu, 

2010; Ghorani and Tucker, 2015). 

Researchers have established a model of the electrospinning process by correlating 

it to the processing parameters. These models approach the electrospinning process as an 

electrohydrodynamic and are established to predict the jet diameter and the instability as a 

function of the processing parameters (Reneker et al., 2000; Yördem, Papila, and 

Menceloǧlu, 2008). These models are also developed based on the assumption of an 

electrospinnable fluid and are mostly for synthetic polymers and biopolymers. Even though 

models based on the dynamic properties has given an accurate approach of the jet 

instability and the fiber diameters (Reneker et al., 2000; Shenoy et al., 2005), the 

morphologies of the electrospun nanofibers are not only the function of dynamic 

parameters but also depend upon the solution properties such as the type of polymer, 

viscosity, concentration, surface tension, electrical conductivity, and molecular weight 

(Feng, 2003). 

2.3.3 Environment conditions  

Besides the solution properties and processing parameters, the ambient parameters 

such as temperature and humidity also affect the diameter and morphology of nanofibers. 

Temperature has two opposite effects on the diameter size of electrospun nanofibers; 

increasing the rate of the solvent evaporation and decreasing the viscosity of the solutions. 
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Both outcomes can decrease the mean diameter of the electrospun fibers (Zhang et al., 

2009). If temperature is increased more, it could cause the polymer solution dry at the tip 

of the needle, restricting the continuous flow of the solution (Weiss et al., 2012). 

Humidity has an influence on the polymer solution during the electrospinning 

process. At a high humidity, water can likely condense on the fiber surface, which affects 

the fiber morphology as the process is employed under normal atmosphere (Megelski et 

al., 2002; Bognitzki et al., 2001). An increase in humidity during the electrospinning causes 

larger pores on the fiber surfaces while a volatile solvent dries very rapidly at a very low 

humidity, and its evaporation occurs faster than the distortion of solution from the tip of 

the needle, which may clog the needle tip (Casper et al., 2004). For example, Bak et al 

(2016) investigated the effects of humidity on the production of the collagen nanofibrous 

sheets in the solvent, consisting of 20× phosphate-buffered saline/ethanol (1:1, 1:1.3, and 

1:1.5 ratios). The nanofibrous sheets were produced without beads in the 1:1.5 solvent at 

30 % RH, whereas beaded sheets were produced at 60 % RH (Bak et al., 2016). 

2.4 Electrospinning of Food-grade Biopolymers and Their Applications  

Electrospinning of natural food-based polymers, which are also edible, are of 

interest by the food and pharmaceutical industries, for the creation of value-added products. 

They are nontoxic, digestible, biodegradable, and sustainable. However, production of 

nanofibrous mats from food-base polymers has many limitations because these polymers 

tend to have highly complex molecular structures, which without pH or salt adjustment; 

e.g., may not produce random coils to allow for electrospinning. They should also be 

soluble in water or ethanol, a requirement for edible food products. However, most natural 
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polymers may form micro or nanofibers if they are dissolved in a solvent other than water 

or ethanol or electrospun with a synthetic polymer, as summarized in Table 1.
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Table 1: Overview of various electrospinning conditions for synthesis of food-based nanofibers. 

Protein 
Molecular 
weights 
(kDa) 

Carrier/other 
compounds Solvent 

Viscosity 
at 100 s-1, 
Pa. s 

Surface 
Tension, 
mN/m 

Fiber Mean 
Diameter, nm References 

Whey 

>60 
(Seralbumin) 
23-32 (b-
lactoglobulin) 
13 (a-
lactoalbumin) 

PEO 

Water 0.076-9.233 52-58 fibers/ 227-264  Colin-Orozco et al., 2014 

Acidic, glacial acetic 
acid 0.003 41 fibers/ 707  

Vega-Lugo and Lim, 2012 
Neutral 0.0005 61 fibers/138-632 
Alkaline, NaOH 0.001 60 fibers/ 191  
Water 0.38-2.33 - fibers/ 312-690 Sullivan et al., 2014 

Calcium 
Caseinate 

~19-24 Pullulan Water 0.1 46-48 fibers/ 172-451 Tomasula et al., 2016 

Sodium 
Caseinate 

~19-24 Pullulan Water 0.1-0.4 45 fibers/ 764  Tomasula et al., 2016 

Egg 
albumen 

~42 
Cellulose acetate/ 
Tween 40 

Formic acid, acetic 
acid 1.4-2.8 30-32 fibers/ 242-410  Wongsasulak et al., 2010 

Gelatin ~20-100 - 
Water, TFE, HFIP, 
acetic acid - - fibers/ - 

Zhang et al., 2009; Huang et 
al., 2003;  
Aduba et al., 2013; Gomes et 
al., 2015 

Zein ~22-24 /Oleuropein Ethanol - - fibers/ 130-1440 Erdogan et al., 2015 
/Fish oil Isopropanol - - fibers/ 300-500 Moomand and Lim, 2014 

Amaranth ~10-83 

Pullulan/ Tween 
80, curcumin 

Formic acid, 
methanol, potassium 
persulfate and bile 
salts 

*0.22-0.58 31-33 fibers/ 135-249  Blanco-Padilla et al., 2015 

Pullulan/ Tween 
80, folic acid 

Formic 
acid/potassium 
persulfate salt 

0.36-0.59 - fibers/ 305-378  Aceituno-Medina et al., 2015b 

 Ferulic acid formic acid, 0.36-0.60 - fibers/ 261-390 Aceituno-Medina et al., 2015a 

Soy ~140-170 PEO Water, NaOH *0.1-7.0 36-40 fibers/ 19-140 Ramji and Shah, 2014 

Wheat 
protein 

~10-1000 
/urea 

Acetic acid, ethanol, 
2-mercaptoethanol, 
2-proponal, acetone 

- - fibers/ 683  Castro-Enríquez et al., 2012 

PVA Water, HFIP - - fibers/ 100-5000 Woerdeman et al., 2005; 2007 

* viscosity - values at the unknown shear rate. 
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Continued: Overview of various electrospinning conditions for synthesis of food-based nanofibers.  

Polysaccharide 
Molecular 
weights 
(kDa) 

Carrier/other 
compounds Solvent Viscosity at 

100 s-1, Pa. s 
Surface 

Tension, mN/m 
Fiber Mean 
Diameter, nm References 

Sodium 
Alginate 

~46-100 

- 
Water, mixtures 
of glycerols  

10.0-70.0 38-61  fibers with beads/ 
120-300  

Nie et al., 2008 

PEO/pectin, folic 
acid 

Water, NaOH - - fibers with few 
beads/ - 

Alborzi et al., 2014 

Dextran ~64-76 

/crosslinked with 
glutaraldehyde 

Water 0.33-4.40 61-63  fibers/ 291-1948  Ritcharoen et al., 
2008 

- 
Water, DMSO, 
DMF 

*6.8-60.0  - fibers/ 400-600  Jiang et al., 2004 
  

Pectin ~260 
Pullulan/ 
Lactobacillus 
rhamnosus GG 

Water - 76-86 fibers/ 38 - 148 Li et al., 2017 

Pullulan ~100 

/ Na3C6H5O7  Water - - fibers/ 100–700 Sun et al., 2013 

 Water (50°C) 0.082 61.8 fibers/218  Tomasula et al., 
2016 

- Water  19.0-333.0 63-75  fibers/ 27-492 Li et al., 2017 

* viscosity - values at the unknown shear rate. 
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2.4.1 Solvents 

Solvents are important for the formation of smooth and bead-free electrospun 

fibers. There are two factors to select a right solvent for the electrospinning process. First, 

the polymers should be highly soluble and have a random coil structure in the preferred 

solvent. Another factor is that the solvents should have a relative boiling point that enables 

the evaporation of the solvents before the fibers deposit on the collector (Haider et al, 

2015). 

This project is targeted to use water as a solvent for the formation of food-based 

nanofibers. However, many natural polymers dissolved in a number of polar organic 

solvents have been electrospun for non-food applications. These solvents include HFIP 

(Hexafluoroisopropanol, (CF3)2CHOH), TFE (2,2,2-Trifluoroethanol, CF2CH2OH), 

formic acid (HCOOH or HCO2H), acetic acid, DMSO (Dimethyl sulfoxide, (CH3)2SO), 

TFA (Trifluoroacetic acid, CF3CO2H) and ethanol (C2H6O) have been used to dissolve 

many water-insoluble food-grade polymers (Haider and Haider, 2016; Akkurt, Liu, and 

Tomasula, 2018). They are discussed in many publications in detail (Haider and Haider, 

2016; Mendes et al., 2017; Akkurt et al., 2018).  

Even though using HFIP, TFE, formic acid, and others eases electrospinning of 

certain biopolymers, these toxic solvents and acids can cause a significant problem in 

electrospun nanofiber application when it comes into contact with food products (Li et al., 

2006; Tomasula et al., 2016). Also, using concentrated acid or solvents may pose a problem 

for sensitive bioactive compounds including enzymes, genes, or antibiotic peptides.  
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2.4.2 Carrier polymers 

In many applications, especially in biomedical, an electrospinnable synthetic 

polymer such as poly (vinyl alcohol (PVA), poly (ethylene oxide) (PEO) is often applied 

to stimulate electrospinnability of synthetic and water-insoluble polymers (Greiner and 

Wendorff, 2007; Mendes et al., 2017). An approach commonly used for the electrospinning 

of natural polymers is to use a carrier polymer such as PEO, polycaprolactone (PCL), poly 

(lactic-co-glycolic acid) (PLGA), PVA, and nylon-6, even though they are highly soluble 

in the solvent systems. The molecular weight of carrier polymers is an important factor to 

choose them for an effective electrospinning process. For example, when a blend prepared 

with PEO carrier with a molecular weight of 35 kDa produced sprayed drops so that PEO 

with 200 kDa was required to form beadless and uniform electrospun fibers from alginate 

and alginate-pectin blends (Bonino et al., 2011). These polymers and their uses in the 

electrospinning process of the natural polymers are discussed for non-food applications in 

many studies (Shao et al., 2003; Karim et al., 2009; Haider et al., 2015; Haider and Haider, 

2016; Mendes et al., 2017). 

This approach is also commonly used for the electrospinning of biopolymers, which 

are difficult to produce nanofibers. PVA and PEO are also used as a carrier for the 

electrospinning of proteins such as elastin, soy protein, collagen, silk and keratin from 

aqueous solution, without addition of other solvents (Buttafoco et al., 2006; Cho et al., 

2010; Huang et al., 2003; Vega-Lugo, Cristina, and Lim, 2009). However, both PVA and 

PEO are undesirable in food when they are used in large quantities.  

Besides the synthetic polymer carriers, electrospinnable food-grade biopolymer 

carriers such as pullulan, gelatin, and dextran have been used to produce edible electrospun 
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nanofibers from proteins by making use of natural protein-polysaccharides interactions. 

These electrospinnable and edible polymers either favors the viscosity of the solution to 

promote molecular entanglement of the polymer chains, maintaining a jet formation or 

decrease the electrical conductivity and surface tension of the solution to ease its 

electrospinning (Alborzi et al., 2014). 

Because the synthetic polymer carriers are not intended for consumption, one of the 

objectives in this study is to use a food-based biopolymer carrier as an alternative for the 

natural carriers to produce edible food-grade proteins nanofibers such as milk proteins. In 

a previous study, Tomasula et al (2016) examined the use of pullulan (PUL), a food-grade 

polysaccharide, to electrospin milk caseinates (CAS), which are incapable of forming 

fibers from aqueous solution. They shortly reported that fibrous mats produced from either 

calcium caseinate or sodium caseinate at the range of caseinate content from 57 to 84 wt% 

in total solid mass of aqueous solution (Tomasula et al., 2016). Another research was 

conducted to produce food-based electrospun fibers from the blends of pectin (PEC) and 

PUL in aqueous solutions (Liu et al., 2016). They produced bead-free nanofibers from PEC 

blended PUL with the diameters ranging from 88 to 140 nm. While increasing PEC content 

from 1.8 to 2.4 wt% with decreasing PUL content from 6.0 to 3.0 wt% in their blend 

solutions, beaded fibers were obtained.  

2.4.3 Protein-based Biopolymers 

Even though there are many protein-based biopolymers that were studied to 

electrospin, this section will cover some animal-based and plant-based proteins: whey 

protein, casein and caseinates, egg albumen and gelatin as animal-based proteins and zein, 

amaranth, soy protein and wheat protein as plant-based proteins. 
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2.4.3.1 Animal-based Proteins 

Whey protein  

Whey proteins, one of two milk protein groups along with caseins, is the byproduct 

of cheese production. After the production of 1 kg of cheese, 9.5 kg of watery byproduct, 

whey, is produced. It can be also obtained when casein in milk precipitates at pH 4.6 (Morr 

and Ha, 1993). Whey contains less than 1 % whey proteins and approximately 6.3 % total 

solids. Therefore, it is concentrated to make both whey protein concentrates (WPC) with 

protein ranging from 35 to 90 % and whey protein isolates (WPI) with protein greater than 

90 % used to exploit the nutritional and functional properties of its major proteins, beta-

lactoglobulin (β-LG, MW 23-32 kDa) and alpha-lactalbumin(α-LA, MW 13 kDa) (Vega-

Lugo and Lim, 2012). Whey protein contains mainly β-LG of 48-58 % and α-LA of 13-19 

% and the rest is followed by bovine serum albumin (MW >60 kDa) and immunoglobulins 

(deWit and Klarenbeek 1984). β-LG is a small globular protein and consists of 162 amino 

acids (18 kDa) with secondary and tertiary structures, whereas α-La is composed of 123 

amino acids (14 kDa) with eight cysteine groups (Corredig and Dalgleish, 1996; Fox and 

Kelly, 2006). β-LG has random coil conformations and consists of two disulfide bonds 

with one sulfhydryl group (Cys 121) (deWit and Klarenbeek, 1984; Morr and Ha, 1993; 

Swaisgood, 2003; Vega-Lugo and Lim, 2012). 

The whey proteins have been extensively studied for the formation of films and 

coatings and utilized for food and other edible applications, which are summarized in 

several review articles (Krochta and Mulder-Johnston, 1997; Jooyandeh, 2011; Ramos et 

al., 2012). To form edible films and coatings from WPI, its main proteins should be 

denatured to unfold the globular protein molecules via heating, pH adjustment or use of 
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denaturant. The denaturation favors the sulfhydryl (Cys121) of β-LG to be available to 

interact with its two disulfide bonds to allow protein network formations for the films and 

coatings.  

The electrospinning of WPI requires similar denaturation treatments because 

globular protein structure hinders the entanglements of protein chains which is important 

for the formation of a stable polymer jet during the electrospinning process. Even though 

denaturing WPI aqueous solutions by heating or other methods results in the protein 

network formation, the low viscosity of the solutions prevents the production of nanofibers 

due to the lack of molecular entanglement (Nie et al., 2008; Nieuwland et al., 2013). 

Sullivan et al (2014) successfully electrospun WPI with PEO carrier polymer by 

heating the WPI in aqueous solutions to 70 °C to form disulfide bonds between neighboring 

chains, which sustain the electrified jet during the process (Sullivan et al., 2014). The 

nanofibers were obtained with the diameter ranged from 312 to 690 nm, depending on the 

composition and ratio of the PEO/WPI solutions. They used the small, hydrophobic 

molecule Rhodamine B (RhB) as a model flavonoid into the whey/PEO electrospun 

nanofiber mats to prove the encapsulation concept (Sullivan et al., 2014). 

Electrospun nanofibers were produced from PEO/WPI solutions as a function of 

various mixing ratios to evaluate the dependence of morphology by testing viscosity, 

conductivity, surface tension, and thermal and vibrational properties (Colín-Orozco et al., 

2015). The nanofibers with diameters ranging from 227 nm to 264 nm were formed at a 

high viscosity, whereas the bead formation occurred at both the lowest viscosity and 

surface tension along with high conductivity of the mixtures. The fibrous mats were used 

to encapsulate Rosmarinus officialis extract was encapsulated into the fibrous mats to 
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utilize the PEO/WPI nanofibers (Colín-Orozco et al., 2015). The effects of PEO addition 

and pH adjustment were tested to study the feasibility of aqueous WPI solutions. (Vega-

Lugo and Lim, 2012). A uniform, bead-free fibers with a diameter of 707 nm were 

produced under acidic conditions along with the higher viscosity, lower surface tension 

and lower conductivity of PEO/WPI blend solutions. The fibers had ribbon-like structures 

with a diameter of 191 nm under alkaline conditions while the neutral pH allows the fibers 

to form with the diameter sizes varied from 138 to 632 nm (Vega-Lugo and Lim, 2012). 

Casein and Caseinates 

Casein is one of the milk proteins which exist in micelles and contains 80% of milk 

proteins with a molecular mass in the range between 19 to 24 kDa (Livney et al., 2010). 

These micelles are spherical colloids with a diameter ranging from 50 to 500 nm 

(Dickinson, 2006; Fox and Kelly, 2006). Casein proteins are differentiated by its calcium 

sensitivity and charge distribution (Dickinson 2006; Fox and Kelly, 2006; Varnam and 

Sutherland, 2001). It consists of αs1-casein, αs2-casein, and β-casein, which are calcium 

sensitive, and κ-casein, which is calcium insensitive (Uniacke-Lowe, Huppertz, and Fox, 

2010). One model used to envision the structure of the casein micelles in milk is that of 

(Rebouillat and Ortega-requena, 2015) in which the micelles are composed of sub-micelles 

linked by Ca9(PO4)6 as shown in Figure 6. 
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Figure 6: The formation of casein micelles in an aqueous medium. as1-Cn is alpha S1 
casein, as2-Cn is alpha S2 casein, b-Cn is beta casein, and k-Cn is kappa casein. 

 
Casein micelles are naturally able to stabilize and transport essential nutrients such 

as calcium and protein (De Kruif and Holt, 2003). In milk, κ-caseins stabilize calcium-

sensitive caseins avoiding precipitation with calcium ions (Ca2+) (Walsh and Swaisgood, 

1996; Horne, 2006). The calcium-sensitive caseins can bind Ca2+ by their phosphate groups 

located on the hydroxyl groups of serine. Phosphoserine residues correspond to the 

existence of hydrophilic areas with a high negative charge (Horne, 2006; Walsh and 

Swaisgood, 1996). These natural characteristics provide a unique biological activity and 

stability for casein in milk and its processing into dairy products (Tomasula et al., 1998; 

Fox, 2003; Swaisgood, 2003). Due to the casein micelle structure, Semo et al (2007) have 

proposed it as a carrier for the delivery of nutrients for nutraceutical applications (Semo et 

al., 2007). However, it has not been studied enough to take advantage of its unique property 

as a carrier vehicle for a nano-delivery system for added nutrients or bioactive compounds. 
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Casein proteins are stable at high temperatures, but they are unstable at pH below 

5.0 which affects its structure and function. At pH, the casein aggregates by neutralizing 

negative charges on the casein to the isoelectric point of 4.6 with a decrease in the 

repulsions of side chains (Chakraborty and Basak, 2007). During the manufacturing of 

caseinates, acid casein gel is formed through hydrophobic interactions occurring when the 

protein becomes a colloidal particle. After such spherical particles are formed, native 

casein micelles in milk start to disappear (McHugh, Weller, and Krochta, 1994). 

Neutralization of the acid gel keeps net negative charges on the surface of colloidal 

particles leading the gel to disassociate as the particles repel each other. The protein 

continues to disintegrate without calcium ions until the steady state is reached. The 

supramolecular structures are converted into either calcium caseinate (CaCAS) or sodium 

caseinate (NaCAS) with pH ranging from 6.0-7.0 by addition of base solutions of either 

Ca(OH)2 or NaOH, respectively. Calcium bridging occurs through individual proteins in 

colloidal particles which keeps them together to avoid further disintegration of 

supramolecular structure. As the net negative charge increases, numerous calcium bridges 

occurred leads to form subunit structures in caseinate dispersions (McMahon et al., 2009). 

Calcium ions make the proteins hold in close proximity which leads hydrophobic groups 

to self-associate. After this process, the mesh structure is formed by hydrophobically linked 

protein molecules with their polar groups on the surface of the mesh. The self-association 

results CaCAS in less soluble than NaCAS since Na1+ breaks calcium bridges and allows 

the protein to solubilize, instead of forming subunits as CaCAS (Hokes et al., 1982). Due 

to solubility and random coil structure properties, they have been used to form edible films 

and coatings by casting CaCAS and NaCAS solutions (Bonnaillie et al., 2014). 
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Caseinates as highly soluble proteins with a random coil structure may seem 

electrospinnable because they form protein building block necessary for the edible films 

and coatings. However, aqueous solutions of calcium and sodium caseinates (CaCAS and 

NaCAS) have not produced nanofibers without using organic solvents and a synthetic 

polymer as a processing aid (Xie and Hsieh, 2003; Kriegel et al., 2008; Nieuwland et al., 

2013; Tomasula et al., 2016). The inability to electrospin neat CAS from aqueous solutions 

could be because of the aggregation of CAS protein molecules with mono- (Na) and 

divalent ions (Ca) which cause lack of molecular entanglement which is necessary for the 

formation of electrospun nanofibers (Pitkowski et al., 2008; Stijnman et al., 2011). To 

overcome this challenge, one of the approaches is to add a carrier polymer with excellent 

electrospinning properties into aqueous protein solutions to form electrospun nanofibers 

(Klimov et al., 2010; Choi et al., 2011; Friedemann et al., 2012). For proteins in non-food 

applications, usually, PEO is employed as processing carrier without the addition of other 

solvents (Buttafoco et al., 2006; Soffer et al., 2008; Varesano et al., 2008; Vega-Lugo and 

Lim 2008). However, using PEO with large quantities is undesirable in food applications.  

Using this strategy of adding an edible carrier, PUL, Tomasula et al (2016) have 

successfully produced nanofibers from CAS in aqueous solutions. The food-based, 

electrospun nanofibers mats produced from aqueous CAS blended with PUL can be 

potential candidates for encapsulation of bioactive compounds for foods. As shown in 

Figure 7, increasing PUL concentration produced uniform, thinner fibers unlike increasing 

CaCAS in blends which produced thicker and less uniform fibers (Tomasula et al., 2016). 

Electrospun nanofibers with a mean diameter of 172±43 nm were produced from the 
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aqueous PUL: CaCAS solutions with a mixing ratio of 1:2 at 50 °C, as shown in Figure 

7A. 

 
Figure 7: Scanning electron microscopy images and fiber diameter size (FDS) of 
electrospun fibers obtained from either 15 or 30 wt% pullulan (PUL) solutions and 20 wt% 
calcium caseinate (CaCAS) solutions in various mass ratios at 50 °C. Flow rate=1 to 2.5 
mL/h, Voltage=23 kV. (A) 15 wt% PUL, 20 wt% CaCAS solution (1:2); (B) 30 wt% PUL, 
20 wt% CaCAS (1:4); (C) 15 wt% PUL, 20 wt% CaCAS solutions (1:1); and (D) 30 wt% 
PUL, 20 wt% CaCAS solution (1:2).  
 

Egg albumen 

Egg albumen is one of the globular proteins and has over 50 % of the total egg 

proteins. In the electrospinning process, globular proteins have too little or no interaction 

with each other which constrain the molecular entanglement of protein chains necessary 

for the elongation and stretching of jet under the electric field. Without a carrier polymer 

or using solvents other than water, egg albumen produced submicron particles on the 

collector. In a study, electrospun fibers were produced from egg albumen in formic acid 
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solutions by using PEO as a carrier (Wongsasulak et al., 2007). Formic acids interfere with 

the protein interactions by denaturing its globular structure and PEO increases the protein 

chain entanglements and viscosity of the solution by forming hydrogen bonds 

(Wongsasulak et al., 2007). When egg albumen blended with PEO at ratios of 1:10, 3:10, 

and 6:10 produced uniform, thinner fibers with a diameter of 188± 21 nm. As increasing 

PEO in the blends by changing the ratio of egg albumen to PEO from 10:3 to 10:6 for the 

thicker fibers with diameter from 289 to 470 nm, respectively (Wongsasulak et al., 2007).  

In another study of Wongsasulak et al (2010), the electrospinning of egg albumen 

in 50 % formic acid mixed with cellulose acetate in 85 % acetic acid produced fibers with 

the diameter of 265 ± 48 nm (Wongsasulak et al., 2010). A surfactant was also added to 

reduce the surface tension of the blended solution to improve the electrospinnability of egg 

albumen. The study was addressed that the nanofibers produced from this blend could have 

potential functionalities for controlled release of nutraceuticals applications in vivo, but its 

potential in foods was not addressed (Wongsasulak et al., 2010). 

Gelatin  

Collagen is the most abundant structural protein found in animal connective tissues 

including skin, bone, and tendon (Zhang et al., 2009; Nieuwland et al., 2013). It has a coiled 

fibril structure formed by two α1 and one α2 chain of collagen. The diameter size of fibrils 

is uniform and ranges from 50 to 500 nm. Each chain of collagen has an α-helix structure 

formed by 1000 amino acids and the molecules have a triple-helical structure via covalent 

bonds by repeating of three amino acids, GLY-Proline-Hydroxyproline (Buttafoco et al., 

2006; Sionkowska, 2011).  
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Gelatin is obtained from collagen after its treatment with mild heat under acidic or 

alkaline conditions (Type A or B). Marine gelatins are a by-product of fish processing and 

used as an alternative to cow-based gelatin (Dangaran et al., 2009). Gelatins are food-grade, 

biocompatible, biodegradable and nontoxic protein and they have been extensively used to 

as a carrier for bioactive materials in biomedical applications (Manna et al., 2015; Jalaja et 

al., 2016; López Angulo, and do Amaral Sobral, 2016; Aldana, and Abraham, 2017; Ren 

et al., 2017), pharmaceuticals (Leo et al., 1997; Fraunhofer et al., 2004; Jain et al., 2008; 

Aewsiri et al., 2009), food industries (Babel, 1996; Baziwane and He, 2003; Karim and 

Bhat, 2008; Nur Hanani et al., 2014; Musso et al., 2017), and other industries (Ali et al., 

2012). 

The electrospinning of gelatin is difficult to form fibers due to its molecular triple-

helix structure (Araujo et al., 2014). This problem can be solved by selecting a good solvent 

and manipulating processing parameters and ambient conditions. Many researchers have 

conducted experiments on the electrospun gelatin-based tissue scaffolds by dissolving 

gelatin in organic solvents mostly TFE (Huang et al., 2003; Zhang et al., 2006; Chong et 

al., 2007; Son et al., 2013; Xue et al., 2014), HFIP (Aduba et al., 2013; Xu et al., 2015; 

Wang et al., 2016), and acetic acid (Pant and Kim, 2012; Baiguera et al., 2014; Gomes et 

al., 2015).  

Gelatin melts at higher temperatures than room temperature and it can electrospin 

from aqueous solutions at high temperature (Li et al., 2006; Zhang et al., 2009). Gelatin-

based electrospun fiber mats are produced from its blends with poly(ε-caprolactone) (PCL) 

which is bioresorbable and biocompatible (Chong et al., 2007). In this study, cell culture 

embedded in the nanofibrous mats and scaffolds produced from PCL and gelatin blends, 
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and then is applied on a poly-urethane wound dressing. The results show that the 

production of a fibroblast-populated three-dimensional dermal analog is feasible to 

construct the thickness of the dermis before reepithelialization (Chong et al., 2007). Tonda-

Tura and co-workers (2013) study on the production of stable electrospun nanofibers from 

gelatin dissolved in water by using γ- glycidoxypropyltrimethoxysilane (GPTMS) as a 

cross-linker. The gelatin crosslinked with GPTMS nanofiber mats maintain the in vitro 

adhesion, proliferation, and survival of neonatal olfactory bulb ensheating cells (NOBECs) 

(Tonda-Turo et al., 2013). Gelatin was used as a carrier polymer to electrospin the sodium 

caseinate, WPI, soy protein isolate (SPI), ovalbumin and BSA and uniform nanofibers were 

obtained from WPI-gelatin mixture dissolved in water (Nieuwland et al., 2013).  

Li et al (2006) studied the electrospinning of gelatin in HFIP solvent and produced 

fibers with mean diameters from 140 to 350 nm and the diameter increased as increasing 

gelatin concentration. For example, electrospinning of the solution concentration below 7.5 

wt% and above 12.5 wt% produced beaded and few large fibers, respectively. As 

decreasing the concentration of gelatin solution from 8.3 to 2 wt%, the fibers diameters 

decreased from 485±185 nm to 77±41 nm (Li et al., 2006). Song and coauthors (2008) 

reported that gelatin dissolved in a mixture of ethyl acetate and acetic acid produced fibers 

with diameters ranging from 47 to 145 nm. (Song et al., 2008). As mentioned an approach, 

the electrospinnability of gelatin were studied to improve by adding other polymers in the 

gelatin solution. Yang et al (2007) used PVA as a carrier aid to facilitate the electrospinning 

of gelatin in formic acid at the ratio of PVA to gelatin of 0:1 to 1:0 (Yang et al., 2007). 

They obtained the fibers with diameters increased from 133±28 nm (from neat gelatin 



45 
 

 

solution) to 447±129 nm from the blend of gelatin and PVA solution. Also, the tensile 

properties of the fibers were improved by increasing PVA in the blends.  

2.4.3.2 Plant-based Proteins 

Zein 

Zein protein is the main storage protein derived from corn and holds between 44 

and 79 wt% of endosperm proteins depending upon the corn variety (Shukla and Cheryan, 

2001). It is composed of glutamic acid (21-26 %), leucine (20 %), proline (10 %) and 

alanine (10 %). It is soluble in aqueous alcohol solutions, urea, and higher alkali conditions, 

but insoluble in water. The types of zein are characterized as α-, β-, γ-, or δ- based on its 

solubility properties and α-and β-zein proteins are the two major fractions. The α-zein is 

soluble in 95 % ethanol and accounts for approximately 80 % of the total prolamine in 

corn. Unlike the β-zein, α- fraction comprises less histidine, arginine, proline, and 

methionine (Shukla and Cheryan, 2001). The high quantities of non-polar amino acid 

residues favor zein to have unique aqueous alcohol solubility. However, it has poor 

mechanical properties in aqueous solution because it consists of roughly 1/3 hydrophilic 

and 2/3 hydrophobic amino acid residues in its primary structure. 

Zein protein has been used to electrospin from a variety of solvents including 

dimethyl formamide (DEF.) (Jiang et al., 2007), aqueous ethanol (Yao et al., 2007; Selling 

et al., 2007), and methanol, isopropanol, and acetic acid (Selling et al., 2007) for potential 

application rather than foods. Different electrospun morphologies were obtained from 

these studies. For example, ribbon-like, bead-free fibers were produced from the 30–50 

wt% zein dissolved in 70 wt% aqueous ethanol due to the rapid evaporation of ethanol. 

The fibers diameter size increased from 1 to 6 µm with increasing the zein concentrations 
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(Yao et al., 2007). Zein electrospun nanofibrous mats were crosslinked by hexamethylene 

diisocyanate (HDI) to improve the mechanical properties and the mats from a 40 % (w/v) 

zein concentration showed the highest tensile strength, 4.24 MPa (Yao et al., 2007). 

Additionally, Selling et al (2007) also produced ribbon-like zein fibers with the diameters 

ranging from 1 to 8 µm from the zein dispersions in 60–90 wt% ethanol, whereas the beads 

were produced by using 60 wt% acetone or 60– 90 wt% acetic acid to prepare a 27 wt% 

zein dispersion (Selling et al., 2007). Also, the use of DMF, 8 M urea, and 10 % NaOH did 

not promote the electrospinning of 40, 20, and 10 wt% zein solutions, respectively (Selling 

et al., 2007). However, Jiang and coauthors (2007) reported the production of bead-free, 

uniform nanofibers from the zein solutions (55-60 wt%) dissolved in DMF. Poly (ε-

caprolactone) (PCL) was used as an inner layer for the zein electrospun nanofibers (outer 

layer) by carrying out a core-shell electrospinning method and produced nanofibers by the 

one-step coaxial electrospinning. It was concluded that the elongation stress and the strain 

at break increased with the PCL content, but the hydrated outer zein shell was ruptured by 

the elongated PCL fibers, meaning that the inner PCL fiber predominated the mechanical 

properties of the core-shell fibrous membrane (Jiang et al., 2007).  

Researchers have studied on the encapsulation of the bioactive compounds by the 

electrospinning and electrospraying of zein proteins for potential applications (Shin, 2008; 

Fernandez et al., 2009; Torres-Giner et al., 2010; Jiang and Yang, 2011; Moomand and 

Lim, 2014, 2015). For example, Moomand and Lim (2014) produced electrospun 

nanofibers from the zein protein dissolved in the aqueous mixtures of ethanol and 

isopropanol solvents to encapsulate fish oil to protect it from a quick degradation 

(Moomand and Lim, 2014). The electrospun zein fibers had a diameter size of 300 nm. The 
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fibers with an increased diameter size of 500 nm were obtained by adding 30 % (w/w) fish 

oil to the zein solution. The electrospun zein nanofibers provided a better protection from 

the oxidation of the oil than the non-encapsulated fish oil.  

Zein fibers via electrospinning were crosslinked to improve the fiber morphology 

and the release properties of the polyphenolic compounds due to the limited use of non-

crosslinked porous zein fibers in applications (Erdogan et al., 2015). Oleuropein, derived 

from olive leaf (OLE) is the major phenolic in olive trees. In this study, it was studied as a 

natural crosslinker for the electrospun zein nanofibers. 70 % aqueous ethanol solution was 

used to dissolve 30 % (w/v) of zein, and then the solution was electrospun with OLE. The 

results of the OLE addition not only improved the mechanical integrity of the zein 

nanofibers but also reduced the diameter sizes of the fibers by 27 %. FTIR results showed 

a NH bending because OH- groups of the polyphenols interacting with NH and other bands 

resulted from the OLE and zein interactions (Erdogan et al., 2015).  

Amaranth  

Amaranth (Amaranthus hypochondriacus) is a traditional underutilized Mexican 

crop with highly nutritional grains and leaves. The seed and leaves are rich in protein 17 

and 28-49 %, respectively, as well as unsaturated oil (45 % linoleic acid), dietary fiber (11 

to 23 %), and minerals such as potassium, iron, magnesium, and calcium (Martínez and 

Añón, 1996). The proteins in amaranth mainly consist of albumins, globulins, and glutelins, 

which are identified based on their solubility and their amino acid compositions are 

reviewed in the literature by Segura-Nieto et al (1994).  

Aceituno-Medina and co-workers (2013a) focused on the ability to create 

nanofibers from amaranth protein isolates (API) in organic solvents including glacial acetic 
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acid, sodium hydroxide, and HFIP under different pH conditions due to its low solubility 

property in aqueous solution. In the study, capsule structures occurred under extreme pH 

values of 2 and 12 and were produced from the proteins in formic acid solutions. Fiber-like 

morphologies were obtained from API dissolved in HFIP solvent which provided the 

formation of random coil structures and enabled protein chains to entangle (Aceituno-

Medina et al., 2013a).  

A few studies used PUL as a carrier polymer to promote the formation of amaranth 

proteins-based electrospun nanofibers to encapsulate quercetin and ferulic acid (Aceituno-

Medina et al., 2015a) and folic acid as antioxidants (Aceituno-Medina et al., 2015b). 

Quercetin and ferulic acid were encapsulated within the API-pullulan blend electrospun 

nanofibers to test the loading capacity and the morphology. Also, the thermal stability of 

the encapsulated fiber structures was tested (Aceituno-Medina et al., 2015a). The results 

show that the incorporation of up to 10 and 20 wt% of quercetin and ferulic acid within the 

API-based fibers is feasible, respectively. In comparison to non-encapsulated compounds, 

the release profile during in vitro digestion study indicated that the release lasts longer 

which increases the antioxidant efficacy (Aceituno-Medina et al., 2015a).  

Blanco-Padilla et al (2015) also studied the API-pullulan blend electrospun 

nanofibers to encapsulate curcumin. The concentrations of curcumin (0.05 and 0.075 %) 

were blended into fiber –making API-pullulan blend solutions and produced fibers with 

diameters of approximately 224.5-248.6 nm. The results showed that the encapsulation 

efficiencies of curcumin varied between ~73 % and ~93 % for both loadings and fiber 

constituents. The nanofiber structures extended the antioxidant release which occurred in 
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a controlled manner as tested under simulated gastrointestinal environments (Blanco-

Padilla et al., 2015).  

Soy protein 

Soy protein is composed of globular proteins distinguished as 2S, 7S, 11S, and 15S 

dependent upon their molecular weights (Wolf, 1970). Soy protein isolates (SPI), which 

accounts for ~37 % of soy proteins, with molecular weight of 140-170 kDa consist of about 

18 amino acids with the combinations of polar groups -OH, -COOH, and -NH2, allowing 

the protein suitable for chemical and enzymatic modifications for specific requirements of 

biomedical applications. For example, different soy-based morphologies including 

membranes, microparticles, and thermoplastics were used as drug delivery vehicles for 

external use in wound dressings and for internal use for oral and nasal applications (Vaz et 

al., 2003).  

Studies have been conducted for the electrospinning of SPI by using various 

carriers and solvents for applications including encapsulation of antimicrobial materials 

(Vega-Lugo, Cristina, and Lim, 2009), tissue regeneration (Ramji and Shah, 2014), and 

biodegradable air filtration membrane (Fang et al., 2016). Cho et al (2010) produced soy-

based electrospun nanofibers in the presence of PVA as a carrier with water (Cho et al., 

2010) and PEO as a carrier with water (Ramji and Shah, 2014). Fang and co-researchers 

(2016) produced electrospun SPI nanofibrous membranes using PVA as a carrier with a 

solvent mixture 80:20 (v/v) glacial acid and deionized water. As the weight ratio of SPI to 

PVA in the blends was increased from 1:1 to 1.5:1 and 2:1, the diameter size of fibers was 

decreased from 152 to 140 and 132 nm, respectively. The microporous structure of the 

membranes became more uniform along with a narrower diameter distribution (Fang et al., 
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2016). To date, edible soy-based electrospun nanofiber produced for food use have not 

been reported. 

Wheat Protein 

Wheat gluten is a polydisperse plant storage protein which accounts for 85 % wheat 

protein. It has a polymeric glutenin with a molecular weight ranging from 80 to several 

thousand kDa and monomeric gliadin with a molecular weight less than 50 kDa (Singh et 

al., 1990; Hamer and Vliet, 2000). Wheat gluten has been extensively used in foods to 

improve dough quality and protein textures, as well as the formation of high-quality bio-

based films and plastics (Gennadios and Weller, 1990) due to its ability to form disulfide 

bonds and chain entanglements (Edwards et al., 2001). Some studies focused on the 

electrospinning of wheat gluten to produce nanofibers (Woerdeman et al., 2005; 

Woerdeman, Shenoy, and Breger, 2007; Castro-Enríquez et al., 2012; Wang and Chen, 

2012a). However, edible ultrafine fibers from wheat proteins have not yet been reported 

by using the electrospinning process.  

Woerdeman and co-researchers (2005) electrospun wheat gluten dissolved in 5 % 

w/v HFIP after extracting wheat protein fraction by using acetic acid and produced fibers 

only at the concentration above 10 wt% (Woerdeman et al., 2005). The fibers were 

produced with different morphologies including circular, flat, and ribbon-like with a wide 

range of diameters from 25 nm to 5 µm, and increasing concentration increase the 

formation of ribbons. Woerdeman et al (2007) reported the electrospinning of wheat 

protein dissolved in HFIP by using PVA as a carrier. With increasing PVA content in the 

system, the strength and elongation of fibrous mats were improved (Woerdeman et al., 
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2007). Also, another study reported that wheat glutenin increased the elasticity of neat PVA 

fibers due to the synergy between wheat gluten and PVA (Han and Chen, 2013).  

Castro- Enríquez et al (2012) produced fibrous mats from electrospinning of wheat 

gluten-based materials by using acetic acid and/or ethanol. Fibrous mats had a thickness of 

40 µm and were employed as controlled-release of fertilizer, urea, to prevent its loss 

(Castro-Enríquez et al., 2012). 

Wang and Chen (2012b) evaluated the feasibility of electrospinning of various 

plant-based proteins including extracted from barley, gliadin from wheat and zein from 

corn dissolved in an acetic acid or its combination with water solutions and the 

biocompatibility of the electrospun fibers in vitro cell culture (Wang and Chen, 2012b). 

Electrospun nanofibers were produced from hordein, gliadin, and zein with average 

diameters of 184±70, 192±61, and 186±69 nm at their optimum processing concentrations, 

respectively. Due to higher glutamic acid contents of gliadin, it produced the strongest 

nanofibers. The fibers can be used as biomaterials in vitro cell culture (Wang and Chen, 

2012b). 

2.4.4 Polysaccharides-based Biopolymers  

2.4.4.1 Plant-based Biopolymers 

Sodium Alginate  

Alginate is a naturally occurring linear anionic polysaccharide extracted from 

marine brown sea algae. It consists of (1-4) linked b-D-mannuronic acid (M) and α-L-

glucuronic acid (G) units in various composition and sequence and exists in many species 

of brown seaweeds as sodium, calcium, magnesium, strontium, and barium salts in gelled 

form. Alginate is insoluble in water and water-soluble sodium alginate (SA) are produced 
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by converting alginate to alginic acid via an acid treatment which is followed by an alkali 

treatment with either NaOH or Na2CO3 (Dangaran et al., 2009). Due to its nontoxicity, 

unique tissue compatibility, and biodegradability, SA has been focused extensively for 

tissue engineering applications (Bouhadir et al., 2001). However, aqueous SA cannot be 

readily electrospun and its electrospinning requires an electrospinnable carrier polymer 

such as PEO (Lu et al., 2006; Alborzi, Lim, and Kakuda, 2010, 2012, 2014; Saquing et al., 

2013) and PVA (Lee et al., 2009).  

Nie and coworkers (2008) attempted to electrospin SA with the addition of a strong 

polar cosolvent (glycerol) and produced bead-free fibers. They reported that glycerol 

addition increased the viscosity of SA but decreased the surface tension and electrical 

conductivity. Glycerol, when added to water, promoted the alginate chain entanglements 

via its plasticizing property, beadless and smooth fibers with an average diameter of 200 

nm (Nie et al., 2008). Bhattarai et al (2007) used the combination of DMSO organic solvent 

and nonionic Triton X-100 surfactant for the alginate: PEO blend, which allowed to 

produce nanofibers with a main diameter of 75 nm from 80 wt% alginate in the blends 

(Bhattarai and Zhang, 2007).  

Saquing and co-researchers (2013) focused on the carrier polymer, PEO, and 

explaining its role in terms of entanglement and viscosity for the electrospinning of SA 

(Saquing et al., 2013). They obtained the concentration dependence of viscosity for an 

alginate−PEO system with a 70:30 mixing ratio. The ηsp∼c0.85 for the semidilute 

unentangled region, ηsp∼c2.37 for the semidilute entangled region and ηsp∼c3.45 for the 

concentrated region were reported, whereas for pure alginate solutions, the ηsp∼c0.79, 

ηsp∼c1.6, and ηsp∼c3.3, respectively. Their results showed that the proportion of ηsp changed 
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from c0.85 to c2.37 for the semidilute entangled region by replacing PEO with 30 % of 

alginate, shifting the alginate solution dynamics to more like a synthetic polymer behavior 

(Saquing et al., 2013). 

2.4.4.2 Microorganism-based Biopolymers 

Stijnman et al (2011) reported that the only food-grade polysaccharides capable of 

forming nanofibers from aqueous solutions were dextran (15 %), pullulan (15 %), and 

Glucidex DE 2 (50 %). The percentages in parentheses are of the polysaccharide 

concentration in the aqueous solution. Glucidex DE 2 was reported to form an irregular jet 

(Stijnman et al., 2011). Only dextran and pullulan are profiled below  

Dextran  

Dextran, a water-soluble, bacterial-derived polysaccharide, consists of a-l,6-linked 

D-glucopyranose residues with some a–l,2–, a–l,3–, or a–l,4–linked side chains (Jiang et 

al., 2004; Mendes et al., 2017). It can solubilize in both water and organic solvents and has 

been extensively used for biomedical applications due to its biodegradability and 

biocompatibility.  

Jiang and coauthors (2004) investigated the effect of solvents (water, DMSO/water, 

and DMSO/dimethylformamide (DMF)) and concentrations (0.5 to 1.0 g/mL) on the 

electrospinning of dextran with a molecular weight in the range of 64-76 kDa (Jiang et al., 

2004). They reported that uniform fibers with diameters of 100 nm were produced from 

aqueous solutions of 0.75 g/mL, and no beads occurred at c³ 0.75 g/mL. The aqueous 

dextran solution at the concentration of 0.5 g/mL produced spherical beads with diameters 

of 0.5-6 µm as the fibers with spindle-like were produced at the concentration of 0.65 g/mL 

(Jiang et al., 2004). Also, Ritcharoen et al (2008) studied the effect of the solution 
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concentration and applied voltage on the electrospinning of the aqueous dextran solution 

and the resultant fiber morphology. They concluded that the beaded fibers were produced 

from the solution at the concentration up to a critical concentration of 0.9 g/mL, and the 

average fiber diameter size increased from 290 to 1950 nm with increasing its 

concentration in the range 0.7 to 1.3 g/ mL. However, the concentration of 1.3 g/ mL made 

the solution have a high viscosity (> 4.4 Pa. s). Increasing the electric field from 9 to 15 

kV/cm increased the diameter size of dextran fibers from 520 to 1760 nm. Dextran was 

also crosslinked by using glutaraldehyde to improve the usefulness of electrospun dextran 

fiber mats in aqueous media (Ritcharoen et al., 2008). 

Pullulan  

Pullulan is a water-soluble fungal exopolysaccharide, which consists of α–1,6 

glycosidic linked maltotriose connected to three glucose units bonded by α–1,4 glycosidic 

linkages which associate with randomly ordered chains (Shingel, 2004; Kristo and 

Biliaderis, 2007). Due to the distinctive linkage pattern of PUL, it has unique physical 

properties including high water solubility, biodegradability, high-water-absorbing 

capability, and the capability to form strong films and nanofibers (Li et al., 2011; Tomasula 

et al., 2016; Li et al., 2017). PUL is also capable of forming hydrogen bonds with proteins 

(Gounga, Xu, and Wang, 2010), which can make it as a good candidate for electrospinning 

carrier polymer.  

PUL has been used to produce electrospun PUL fibrous mats or as a carrier polymer 

for food-based biopolymers which cannot be electrospun. Electrospun PUL nanofibers 

have been investigated for several biomedical applications, including targeted drug and 

gene delivery (Rekha and Sharma, 2009), wound dressing (Li et al., 2011). Pullulan 
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nanofibers were produced from aqueous solutions with diameters ranging from 100–700 

nm (Sun et al., 2014) and by using 95% formic acid (Aceituno-Medina et al., 2013). PUL 

as a spinning aid, was used to produce API-based nanofibers with diameters in the range 

of 200 to 310 nm depending on the mixing ratio of API with PUL. The PUL: API 

nanofibers were produced and used for the encapsulation of folic acid. The fibrous structure 

was used to improve the thermal stability of folic acid and protected it from degradation 

after UV light exposure (Aceituno-Medina et al., 2015). Also, pectin-based (Liu et al., 

2016), caseinates-based (Tomasula et al., 2016) and WPI-based (Drosou, Krokida, and 

Biliaderis, 2018) edible electrospun nanofibers were produced by using PUL as a carrier 

polymer.  

Li et al (2017) studied the electrospinning of aqueous PUL solution containing 

sodium chloride (NaCl) or sodium citrate (Na3C6H5O7) at different concentrations to 

determine the effect of salt addition on the fiber morphology (Li et al., 2017). They reported 

that a lower concentration of PUL solution of 8 % (w/v) showed a Newtonian fluid 

behavior with a weak shear thinning behavior with an apparent viscosity of 0.03 Pa. s, 

whereas a higher concentration of PUL solution at the concentration of 15 % (w/v) showed 

a shear thinning behavior with an apparent viscosity ~0.25 Pa. s at the shear rate of 15 s-1 

(Li et al., 2017).  

Bead-free electrospun PUL fibers with diameters of 124±34 and 154±36 nm were 

produced from PUL solution 8%, (w/v) in the presence of a 0.20 M NaCl and 0.05 M 

Na3C6H5O7, respectively. PUL solutions with a salt concentration (NaCl or Na3C6H5O7) of 

1 M or more produced thick fibers with defects and salt crystals adhering on the surfaces 

of fibers, as shown in Figure 8 (Li et al., 2017).  
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Figure 8: SEM image of PUL fiber (15 % PUL, 1.0 M NaCl) at high magnification 
(25,000×). Crystals of NaCl are seen on the fiber surfaces. 

 

Liu et al (2016) produced nanofibers and nanofibrous mats from aqueous PUL and 

pectin (PEC) blend solution by using PUL as a processing aid (Liu et al., 2017). They 

reported that the ce of pure PUL solution and the mixture of PEC and PUL were 5.8 and 

4.3 wt%, respectively. The blends of 3 wt% PEC and 15 wt% PUL produced fibers with 

diameters of 140 nm and increasing PEC content in its blend with PUL decreased the fiber 

diameters from 140 to 38 nm with increasing bead formations. (Liu et al., 2017). The 

nanofibrous mats obtained from this blend were used to encapsulate a probiotic bacteria 

Lactobacillus rhamnosus GG (LGG) to test its viability. Since the initial loading of LGG, 

8.26 log10, was decreased to that of 7.4 log10 in the nanofibrous mats, as shown in Figure 

9A (Liu et al., 2016). The fibrous mats were crosslinked by calcium chloride (CaCl2), 

which decreased pore size and changed the fibers morphology, and LGG bacteria were 

spread within the nanofibrous mats (Liu et al., 2016), as shown Figure 9B.  
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Figure 9: SEM images of electrospun LGG incorporated in PEC/PUL fibrous mats prior to 
cross-linking (A) and embedded in cross-linked mats (B). 

 
Drosou et al (2018) used PUL as electrospinning aid for whey protein isolates 

(WPI) and produced continuous fibers with average diameters of 231 nm from aqueous 

WPI: PUL blends at weight mixing ratios of 20:80, 30:70, and 50:50. Also, uniform bead-

free nanofibers were obtained from the WPI: pullulan blend solution at a ratio of 50:50, 

containing 10 wt% PUL. This could be attributed to improved molecular entanglement 

which PUL promotes by interacting with the protein (Drosou et al., 2018).  
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CHAPTER 3 

The Objectives of the Thesis 

The main goal of this study is to establish a fundamental work of edible caseinate 

and pullulan ultrafine fibers and fibrous mats for future studies by using the novel 

electrospinning technology. To achieve this goal, the study was pursued through the 

following specific objectives.  

Objective 1: Evaluate the feasibility of electrospinning of milk-based proteins by 

evaluating the concentration regions and concentration dependence of viscosity for pure 

pullulan (PUL), nonfat dry milk (NFDM), calcium caseinate (CaCAS), and sodium 

caseinate (NaCAS) in aqueous solutions. 

Sub-objective 1a: Determine the dependence of viscosity on aqueous PUL 

concentration, c, to identify the entanglement concentration, ce, the point at which the 

polymer chains begin to entangle and the c regions where the formation of nanofibers 

occurred.  

Sub-objective 1b: Determine the dependence of viscosity on aqueous NFDM, 

CaCAS, and NaCAS concentrations to identify the ce and c regions and how these are 

related to fiber formation.  

Hypothesis 1a-b: If the entanglement concentration of polymer is a determinant 

factor for polymers to be electrospun, then protein concentrations exceeding the ce would 

be required for their electrospinning. 

Objective 2: Investigate the effect of PUL carrier on the concentration dependence of 

viscosity and the ce of NFDM and CAS solutions by identifying the c regions and ce of 

their blend solutions.  



59 
 

 

Sub-objective 2a: Study the incorporation of PUL carrier into aqueous NFDM and 

CAS solutions by varying concentrations and mixing ratios to determine the role of carrier 

polymer on the ce in fiber formation. 

Hypothesis 2a: PUL can facilitate the molecular entanglements for caseinate 

proteins by affecting the concentration dependence of viscosity, concentration regions, and 

ce to produce bead-free caseinate-based nanofibers.  

Sub-objective 2b: Evaluate the incorporation of Lactobacillus Rhamnosus GG 

within fibrous mats to investigate the viability of the loaded probiotic as a model 

application.  

Hypothesis 2b: Due to the higher surface area of fibrous mats, the bioactive 

compound would be embedded within the fibrous mats which may protect its viability from 

its surrounding conditions.  

Objective 3: Investigate the effect of protein conformation on fiber morphology obtained 

from aqueous CAS solutions in the presence of PUL.  

Sub-objective 3a: Evaluate the effect of higher pH on the concentration 

dependence of viscosity and the ce of the CAS: PUL blended solutions and how they affect 

the morphology and mechanical properties of edible nanofibrous mats. 

Hypothesis 3a: Increasing pH of fiber-making caseinate solutions would affect the 

entanglement of protein chains and improve the electrospinnability of milk proteins 

blended with PUL. Increase in protein content of fiber-making CAS-based solutions would 

increase the viscosity which promotes the protein chain entanglement and improves the 

fiber morphology. An improved morphology can likely improve the mechanical properties 

of the nanofibrous mats. 
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CHAPTER 4 

Materials and Methods 

4.1 Materials 

Nonfat dry milk (NFDM) was obtained from Dairy Farmers of America (DFA 

Reading, PA, USA). NFDM contains 0.43 % fat, 3.1 % moisture, and 35.9 % protein 

provided by the manufacturer. Calcium caseinate (CaCAS) and sodium caseinate (NaCAS) 

were obtained from the American Casein Co. (AMCO Proteins, Burlington, NJ). CaCAS 

contains 90 % protein, 5.3 % moisture, 1.0 % fat, 4.1 % ash and less than 1 % carbohydrate 

while NaCAS has 88 % protein, 6 % moisture 1.8 % fat, 4.2 % ash and 1.0 % carbohydrate 

which are provided by the manufacturer. Pullulan (PUL) was obtained from TCI America 

(Portland, OR). 50 % liquid NaOH and Ca(OH)2 powders were purchased from Sigma 

Aldrich (Saint Louis, MO) to use in pH adjustment. De-ionized (DI) water produced by 

Milli-Q Synthesis water purification system (Millipore, Billerica, MA, USA) was used 

to prepare the solutions. A plasticizer such as glycerol was ACS grade and obtained from 

Sigma-Aldrich (St Louis, MO, US) (will be used in the future experiments). 

To compare PUL with other common carrier polymers used to electrospin the 

polymers which are not electrospinnable alone, a water-soluble polymer and food-grade 

biopolymer were briefly tested to observe their flow curves and concentration dependence 

of viscosity. Poly(ethylene oxide) (PEO) with 900 kDa was obtained from Sigma-Aldrich 

(Sigma-Aldrich, St Louis, MO) and gelatin from porcine skin, Type A (Gel) (G2500) was 

purchased from Sigma-Aldrich (Sigma-Aldrich, St Louis, MO). PEO at the concentrations 

ranging from 0.1 to 5.0 wt% were mixed with DI water for 2-4h at RT, but Gelatin Type 

A at the concentrations from 1.0 to 20.0 were prepared with DI water by mixing with a 
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magnetic stirrer (Cole-Parmer, Vernon Hills, IL) in a water bath at 45 ºC for 2-4h. Only 

gelatin solutions were run both rheology and electrospinning testing at 45 °C due to its 

gelation at 20 °C. 

4.2 Methods 

This section will cover the solution preparation, the rheological properties of 

biopolymer solutions, their electrospinning process and the analysis of fiber morphology. 

4.2.1 Solution Preparation  

4.2.1.1 Preparation of neat protein and polysaccharide solutions  

All solutions containing NFDM, CaCAS, NaCAS, PUL and their blends were 

prepared with DI water by mixing with a magnetic stirrer (Cole-Parmer, Vernon Hills, 

IL), for 2-4h at 20 ºC at various concentrations (Table 2) by following the same procedure 

used in the lab (Dairy & Functional Foods Unit, Agricultural Research Unit Service, 

ERRC, USDA, Wyndmoor, PA). The solutions were refrigerated overnight at 4 ºC to 

remove air bubbles prior to electrospin (Tomasula et al., 2016). All the solution 

concentrations are expressed in % (w/w) and all solutions were measured at 20 °C unless 

any other temperature values were reported.  
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Table 2: Pure NFDM, CaCAS, NaCAS, and PUL solutions at various concentrations. 
 Concentration 

of NFDM 
(wt%) 

Concentration 
of CaCAS 

(wt%) 

Concentration 
of NaCAS 

(wt%) 

Concentration 
of PUL (wt%) 

Neat 
solutions 

1 1 1 1 
2 2 2 2 
3 3 3 3 
5 5 5 5 
7 7 7 7 
8 8 8 8 
9 9 9 9 
10 10 10 10 
11 11 11 11 
12 12 12 12 
13 13 13 13 
14 14 14 14 
15 15 15 15 
20 NA NA NA 
30 NA NA NA 
35 NA NA NA 
40 NA NA NA 

 45 NA NA NA 
 50 NA NA NA 

 
 
4.2.1.2 Preparation of blend solutions 

At neutral pH  

NFDM, CaCAS, and NaCAS compounds with a concentration ranging from 1 to 

25 wt% for NFDM and 1 to 20 wt% for both CAS were dissolved completely. Then, they 

were mixed with 15 wt% PUL wet solution at a pre-determined weight ratio for 2 h at 20 

ºC under continuous mixing, as shown in Table 3, 4, and 5, respectively.  

In our preliminary data, bead or defect-free and continuous fibers were produced 

from 15 wt% PUL than those with below 15 wt%. Therefore, 15 wt% PUL solution was 

used for its blends with NFDM, CaCAS, and NaCAS as a spinning aid. NFDM dissolved 
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in DI-water up to 50 wt% at 20 ºC, whereas CaCAS and NaCAS dissolved in DI-water up 

to 20 wt% under the same conditions. Then, to obtain fibrous mats the experiments were 

carried on with 15 wt% both NFDM and CAS and in blends with PUL at various mixing 

ratios of 30:70, 50:50, 67:33, 70:30, and 75:25 by increasing the protein content in the 

mixture solutions.  

pH adjustment 

After the characterization of solution compositions and fiber morphology, NFDM, 

CaCAS and NaCAS solutions at various concentrations (1, 3, 5, 9, 11, 13, 15, and 17 wt%) 

blended with 15 wt% PUL will be used to continue this study further. In the case, the pH 

of protein solutions was adjusted to pH 8, 9, and 10 before blending proteins with 

polysaccharide carrier. To study the effect of pH and increased protein content on the fiber 

morphology, the solutions were prepared from 15 wt% protein and 15 wt% polysaccharide 

with various weight ratios. Later part of the thesis used both pH 6.7 and 7.0 as a neutral 

pH.  

Table 3: Concentration of NFDM and PUL solutions and their blends with a 50:50 weight 
mixing ratio and their zero shear viscosity at the shear rate of 10 s-1 at different pH of the 
solutions. pH adjustment was made with NaOH solution before blending with PUL. 

Concentration of 
NFDM solution 

(wt%) 

Concentration of 
PUL solution 

(wt%) 

Weight ratio of 
blend solutions 

Total blend 
concentration 

(wt%) 

ƞ
0
 at shear rate of 10 

s-1, Pa. s  
pH 6.7 

0 15 50:50 7.5 0.046 

1 15 50:50 8.0 0.066 

5 15 50:50 10.0 0.079 

9 15 50:50 12.0 0.092 

11 15 50:50 13.0 0.102 

15 15 50:50 15.0 0.121 

20 15 50:50 17.5 0.197 

25 15 50:50 20.0 0.283 
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Table 4: Concentration of CaCAS and PUL solutions and their blends with a 50:50 weight 
mixing ratio and their zero shear viscosity at the shear rate of 10 s-1 at different pH of the 
solutions. pH adjustment was made with NaOH solution before blending with PUL. 

Concentration 
of CaCAS 

solution (wt%) 

Concentration 
of PUL 

solution (wt%) 

Weight ratio of 
blend solutions 

Total blend 
concentration 

(wt%) 

ƞ
0
 at shear rate of 10 s-1, Pa. s 

pH 6.7 pH 8.0 pH 9.0 pH 10.0 

0 15 50:50 7.5 0.046 NA NA NA 

1 15 50:50 8.0 0.059 0.067 0.059 0.059 

5 15 50:50 10.0 0.081 0.093 0.090 0.084 

9 15 50:50 12.0 0.108 0.131 0.127 0.1172 

11 15 50:50 13.0 0.137 0.167 0.157 0.1484 

15 15 

50:50 15.0 0.244 0.232 0.289 0.223 

67:33 15.0 0.149 0.218 0.469 0.378 

75:25 15.0 0.137 0.267 0.500 1.025 

20 15 50:50 17.5 0.302 NA NA NA 

 

Table 5: Concentration of NaCAS and PUL solutions and their blends with a 50:50 weight 
mixing ratio and their zero shear viscosity at the shear rate of 10 s-1 at different pH of the 
solutions. pH adjustment was made with NaOH solution before blending with PUL. 

Concentration 
of NaCAS 

solution (wt%) 

Concentration 
of PUL solution 

(wt%) 

Weight ratio 
of blend 
solutions 

Total blend 
concentration 

(wt%) 

ƞ
0
 at shear rate of 10 s-1, Pa. s 

pH 6.7 pH 8.0 pH 9.0 pH 10.0 

0 15 50:50 7.5 0.046 NA NA NA 

1 15 50:50 8.0 0.060 0.06 0.06 0.06 

5 15 50:50 10.0 0.080 0.09 0.09 0.09 

9 15 50:50 12.0 0.106 0.14 0.12 0.12 

11 15 50:50 13.0 0.129 0.16 0.15 0.15 

15 15 

50:50 15.0 0.193 0.286 0.280 0.280 

67:33 15.0 0.247 0.326 0.329 0.356 

75:25 15.0 0.318 0.442 0.470 0.536 

20 15 50:50 17.5 0.480 NA NA NA 
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4.2.2 Solution Rheological and Physical Properties 

4.2.2.1 Solution viscosity  

Before the viscosities, electrical conductivities, surface tensions of the solutions 

were measured at 20 ºC on the next day. They were taken from the refrigerator, left outside, 

and mixed for 20 min to reach RT. All measurements were conducted at 20 ºC, each sample 

was examined for at least 5 times, and an average was taken.  

The shear viscosities of the solutions were investigated using a rheometer equipped 

with a 27.4 mm inside diameter cup and a 25 mm outside diameter bob (Kinexis Lab+; 

Kinexus Instruments, Worcestershire, UK).  

4.2.2.2 Solution pH, conductivity, and surface tension  

The pH and electrical conductivities of NFDM, CaCAS, NaCAS, PUL, and their 

blend solutions were measured using a conductivity meter (IQ270G; Scientific 

Instruments, Loveland, CO) with built in a temperature sensor and automatic temperature 

correction (reference temperature = 25 ºC).  

Surface tension is a measure of the tendency of a liquid to minimize its surface area 

due to interactions among the molecules (Steffe, 1996). The surface tensions of these 

solutions were determined using rate-hart Advanced Automated Goniometer equipped 

with automated tilt, dispensing and DROPimage advanced (rate-hart Instruments, 

Succasunna, NJ). 

4.2.3 Electrospinning  

The electrospinning process was run by using similar conditions with a few 

modifications that Tomasula et al (2016) studied. Each polymer solution was fed into a 3 

mL disposable plastic syringe fitted with a tubeless spinneret in an electrospinning unit 
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consisted of a syringe pump, a high voltage generator, and a grounded rotating cylinder 

receptor (NaBond Technologies, Hong Kong, China). The pump delivered the solution to 

the spinneret at a flow rate. The voltage source connected to the needle with a range of 0 

to 50 kV and the fiber was collected on the rotating cylinder covered (10.2 cm diameter) 

with an aluminum foil (Tomasula et al., 2016).  

All samples were electrospun at 20 ºC under constant operating parameters: 

distance from the needle tip to the receptor of 12 cm; flow rates ranging from 1.0 to 3.0 

mL/h; voltages varying from 11 to 20 kV and the rotating speed of the collector of 80-84 

rps. The fibrous mats with an average dimension of 20, 10, and 0.01 cm as width, length, 

and thickness were produced by using 3 mL of each solution, which resulted in the mats 

with 2.5 g with an average porosity of 50%, measured by ImageJ software. The dimensions 

depend upon both solution and processing parameters, as well as the amount of polymer 

solutions used for the electrospinning. 

The collected samples of fibers on the counter electrode were cut in a small strip 

for SEM analysis. These conditions were acquired from the preliminary data obtained from 

the resultant fibers in triplicate. When the solution was viscous, the whipping motion 

visually became narrower. Also, an increase in the applied voltage decreased the radius of 

whipping motion due to the increase in electrostatic force, which shortens the travel time 

of jet under the electric field. Resultant fibers and fibrous mats were characterized by 

scanning electron microscopy (SEM) for morphology, as shown in Figure 10, and Fourier 

transform infrared spectroscopy (FT-IR) for chemical structure.  
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Figure 10: The short graphical picture of the process.  

4.2.4 Scanning Electron Microscopy (SEM) Analysis  

SEM (FEI, Hillsboro, OR) was used to examine the samples of the fibrous mats 

coated with a thin gold film. At an accelerating voltage of 10 kV, the high-vacuum 

secondary electron imaging modes with the distance of 12.5 mm were applied. Fiber 

diameter sizes for the fibrous mat samples were measured using the ImageJ software with 

Diameter J plugin to construct a diameter histogram and pore size or space among fibers, 

as shown in Figure 11. OriginLab software (2018b OriginLab Corporation, Northampton, 

MA) was used to plot the flow curves of the solutions, nanofiber diameter histograms, and 

its statistical analysis plugin to compare the significance of the results. 
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Figure 11: SEM image of 15 wt% NaCAS blended with 15 wt% PUL with a 67:33 mixing 
percentage. The fibers diameter size and the spaces or pore size among the fibers that red 
arrows pointed are measured by the ImageJ software with DiameterJ plugin.  
 

4.2.5 Fourier Transform Infrared Spectroscopy (FT-IR) Analysis  

FT-IR spectra were recorded on a Thermo Scientific IS50 FTIR (Madison, WI) for 

liquid samples in a scanning range of 1111-4000 cm-1 for 128 scans at a spectra resolution 

of 4 cm-1. CaF2 windows were used to dry the liquid solutions under vacuum before testing. 

Solid samples were recorded on the same FT-IR system coupled with IS50 ATR accessory 

in a scanning range 400-4000 cm-1 for 128 scans at the same resolution.  

4.2.6 Tensile Properties of Nanofibrous Mats  

The viscoelastic properties of electrospun CAS: PUL blend nanofibrous mats under 

a controlled RH were measured via dynamic mechanical analysis (DMA-Q800, TA 

Instruments, New Castle, PA) with a closed unit to control RH by an external RH generator 

linked to the RH sensor in the cabinet and kept RH constant, 50 ± 0.5 %.  

The fibrous strips were cut with a height of 20 mm and length of 5.3 mm. The 

thickness of each strip was measured at 10 different points with a Mitutoyo absolute 
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thickness gage with a precision of 0.01 mm (Mitutoyo Corp., Kanagawa, Japan) and 

averaged before mounting them in DMA unit. The strip of the fibrous mat was loaded 

vertically onto a tensile grips clamp with a 15 mm gauge length, and stress-strain curves 

were recorded 5-6 strips of each fibrous mat tested by applying an oscillatory displacement 

(strain). The testing was begun with the equilibrium to the 50 % RH for 1h. Then, a static 

force increase of 0.01 N/min was employed until the rupture of the fibrous mats. The 

various tensile properties were obtained by using the stress-strain curves. They are Young’s 

modulus, E (MPa) defined as the initial slope of the linear curve; tensile strength, TS (MPa) 

was taken the value from the curve which corresponds to the point of maximum stress; and 

elongation-at-break, EB (%) was attributed to the value of the strain (%) at which rapidly 

decreases depending upon the rupture of mat. 

4.2.7 Bacteria Strain and Media 

Lactobacillus rhamnosus GG (ATCC 53103) was maintained in deMan Rogosa 

and Sharpe (MRS) broth (Difco Laboratories, Detroit MI) at 37 °C. Prior to inoculation of 

CaCAS-based solutions, L. rhamnosus GG was grown overnight in 25 mL of MRS broth, 

which reached a cell density of 4×109 colony forming units (CFU) mL-1. The culture was 

centrifuged at 2990×g and washed three times in 0.1 % peptone water, and then 

resuspended in 10 mL of 15 wt% of CaCAS blended with 15 wt% PUL solution. The 

suspension L. rhamnosus viability was analyzed by plating on MRS agar immediately after 

resuspension in the CaCAS: PUL blend solution. The solutions with a bioactive bacteria 

were electrospun under the same conditions, as mentioned in Section 5.2.3. A fibrous mat 

with a weight of 2.5 g was obtained and a sample piece was cut for SEM analysis. To 

determine the viability of L. rhamnosus GG within the nanofibrous mats, 1 g of the mats 
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were dissolved in 9 mL of peptone water by shaking at 2200 rpm for 1h at RT and then 

plated on MRS agar for 2 days at 37 °C. 
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CHAPTER 5 

Electrospinning of Pure Pullulan, Nonfat Dry Milk, and Caseinates  

This Chapter will cover Objective 1 and attempt to explore the importance of 

viscosity on the molecular chain entanglements of pure PUL, NFDM, CaCAS, and NaCAS 

and their ability to electrospin alone and establish a correlation between the chain 

entanglements and the ability of fiber formation. The ce and the c regions were identified 

for these biopolymer solutions.  

As mentioned before in Section 2.3, a stable jet is required for a successful 

electrospinning. The stable jet is only formed when sufficient chain entanglements 

(numbers of entanglement ³2.5) occur, and the occurrence of such entanglements depends 

upon the viscosity which is a function of concentration and molecular weight of the 

polymers (Shenoy et al., 2005). The increase in the polymer concentration stabilizes the jet 

and then promotes continuous electrospun nanofiber formation. Therefore, chain 

entanglement increased with increasing the polymer concentration when the molecular 

weight is above entanglement molecular weight have been considered to correlate to 

electrospinnability of polymers and fiber morphology. Because the electrospinning of 

NFMD and CAS solutions was difficult, it is anticipated that their solutions can be 

electrospun when the concentrations are above the ce.  

The objective of this Chapter was to study the feasibility of electrospinning of a 

polysaccharide and milk-based proteins by evaluating the c and the c dependence of the 

viscosity of pure PUL, NFDM, CaCAS, and NaCAS in aqueous solutions and the 

relationships between the solution rheology and electrospinnability of these biopolymers 

without using any organic solvents, acids, or carrier polymers. 
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5.1 Overview 

To investigate the relationship between the viscosity and polymer chain 

entanglement, we investigated the onset of the chain entanglement for PUL and NFDM 

and its derivatives, CaCAS and NaCAS, in aqueous solutions with varying concentrations 

and weight mixing ratios. The changes in the solution properties such as electrical 

conductivity, viscosity, and surface tension were also determined to have a better 

understanding of the electrospinning process for food-grade biopolymers. 

5.2 Preliminary results for aqueous NFDM and CAS dispersions 

As increasing the concentration of CaCAS, it started to swell under a continuous 

mixing and then reverts to a liquid form 20 min later, whereas NaCAS was required to 

disperse first to dissolve by adding the powder slowly in DI-water. The swelling is most 

probably due to the submicelles structures which can reversibly interact with Ca2+ and 

trap the water at the beginning of mixing in CaCAS solutions. NaCAS solutions had 

translucent (non-milky) appearance while NFDM and CaCAS solutions appeared turbid 

(opaque and white). This is expected due to the polymerization characteristics of caseins 

because the proteins without calcium remain as protein strands and small agglomerates 

(McMahon and Oommen, 2013). CaCAS has a lower viscosity than NaCAS solutions at 

the same solid concentration. It results from linear polymeric rods and weakly branched 

chains formed by self-assembly of caseins in sodium caseinates in the absence of 

calcium (Thomar et al., 2012). The h0 of NFDM ranged from 0.05 to 0.28 Pa. s at the 

shear rate of 10 s-1 as the neat protein concentration increased from 0.15 to 3.75 wt% in 

blend solutions, as shown in Table 3. NFDM is less viscous than both CAS at the same 

solid concentration because NFDM and CAS contain proteins by about 30 % and 90%, 
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respectively, which influence the viscosity of the solutions (McMahon and Oommen, 

2013).  

5.3 Control PUL, NFDM, CaCAS, and NaCAS  

Flow curves were built from shear viscosity versus shear rate data obtained with 

the shear rate changing from 0.01 to 1000 s-1 for all solutions prepared from NFDM, 

CaCAS, NaCAS, and PUL. Then, shear viscosity at 10 s-1 was used to calculate the specific 

viscosity (ƞsp) to plot it against to the concentration, c, to determine the overlap 

concentration, c*, the entanglement concentration, ce, and the concentrated regime, c**. The 

c*, ce, and c** were determined from the intercepts of the fitted lines in the semidilute 

unentangled, semidilute entangled, and concentrated regimes. The ƞsp was calculated by 

using Equation 4, as mentioned in Section 2.3.1. 

In this chapter, control solutions were prepared from neat PUL, NFDM, CaCAS, 

and NaCAS. NFDM solutions in the concentration range from 1 to 50 wt% were prepared 

and CaCAS, NaCAS, and PUL in the concentration range from 1 to 20 wt% were prepared 

at 20 ºC. Then, each protein solution was blended with 15 wt% PUL with a 50:50 weight 

ratio with total solids concentrations also ranging from 1 to 20 wt%. Three regions, the 

semidilute unentangled (c<c*), the semidilute entangled (ce<c), and the concentrated 

entangled (c**<c) regimes were identified in the plot of the concentration dependence of 

the viscosity for neat PUL, NFDM, CaCAS, and NaCAS.  

5.3.1 Pullulan (PUL) 

Rheological Properties and Determination of Concentration Regimes  

The concentration regimes for neat PUL solutions were determined using solution 

rheology measurements. Viscosity directly depends on the concentration of the solution 
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and molecular weight of the polymer. These parameters of the solution influence the ability 

of electrospinning of the polymer solutions. The chain entanglements and concentration 

regions can be determined to evaluate the fiber formation, which is reported in the literature 

(Colby et al., 1991; McKee et al., 2004; Shenoy et al., 2005). Figure 12 shows a plot of 

shear viscosity as a function of shear rate for PUL solutions at various concentrations. Even 

though the shear rate involved in electrospinning is much higher than the highest shear rate 

in our rheological tests, the shear rate ranges from 0.01 to 1000 s-1 were performed on the 

solutions ranging from 1 to 20 wt% in aqueous solutions at 20 ºC.  

PUL solutions at the lower concentration showed Newtonian behavior and their 

viscosities increased from 0.007 to 0.2 Pa. s as increasing concentration ranging from 1 to 

10 wt%. However, shear thinning behavior occurred at the higher concentration than 10 

wt% at a higher shear rate. In the range of shear rates less than 100 s-1, the shear viscosity 

of 15 wt% PUL solution, 1.0 Pa. s, was about 10 times higher than that of 8 wt% PUL, 

0.09 Pa.s. This finding is consistent with the previously reported data by Deitzel et al (2001) 

who found that a mixture of fibers and beads were obtained from the electrospinning of 

PEO (400 kDa) when the solution viscosity was below 1 Pa. s (Deitzel et al., 2001). Even 

though the PUL solutions at the concentrations ranging from 11 to 15 wt% showed shear 

thinning behavior, the influence of shear rate on the shear viscosity was still very light at 

the shear rates below 100 s-1. These results are consistent with the findings by Li et al 

(2017) that reported that the viscosity of 15 % PUL solutions was 8 times higher than that 

of 8 % PUL solution in the range of low shear rates.  
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Figure 12: Dependence of shear viscosity (Pa. s) on shear rate (s-1) for PUL at the 
concentrations ranging from 1 to 20 wt% in aqueous solutions. 

 
Figure 13 shows the concentration dependence of specific viscosity for aqueous 

PUL solutions. The ƞ0 obtained from flow curves at the shear rate of 10 s-1 and used to 

calculate ƞsp. h0 increased from 0.006 to 4.789 Pa. s as the concentration of PUL solutions 

was increased from 1 to 20 wt%. PUL polysaccharide contribution to the ƞ0 was studied 

by calculating the ƞsp in Equation 4 to plot the dependence of ƞsp on the solution 

concentration. The slope changes marked the beginning of the semidilute unentangled, 

semidilute entangled, and concentrated regimes. The dilute region was not determined 

since the rheology measurement was not performed on PUL solutions less than 1 wt%. The 

c*, ce, and c** were determined following the method employed by Colby et al (1991). They 

were 4.0, 5.5, and 12 wt%, respectively. 
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In aqueous dispersion of PUL, the ce was observed 5.5-6.0 wt%. This is close to 

reported values for PUL in aqueous solutions which were, 5.33 (Kong and Ziegler, 2014) 

and 5.8 (Liu et al., 2016). In the semidilute unentangled regime (c<ce), the ƞsp was 

proportional to c0.61, which is similar to the reported values for PUL in water (ƞsp~c0.95) 

(Kong and Ziegler, 2014). However, our finding is a little lower than the theoretical values 

(ƞsp~c1.4) for random coil polysaccharides including dextran, locust bean gum, guar gum, 

and hyaluronate in dilute solutions at low pH and high ionic strength (Morris et al., 1981) 

and the theoretically predicted value (ƞsp~c1.25) for neutral, linear polymers in semidilute 

unentangled regime in a good solvent (Daoud and De Gennes, 1979). This little difference 

can be due to the solution properties including types of solvents, their viscosities, pH, ionic 

strength, and temperature. For example, water with a viscosity of 0.001 Pa. s at 20 °C was 

used in this study as a solvent to calculate the ƞsp of all solutions. In the semidilute 

entangled regime (ce< c), ƞsp was proportional to 2.85 to 4.76 for aqueous PUL dispersion, 

which is similar to theoretically predicted values for random-coil polysaccharides from 2.0 

to 3.3 (Morris et al., 1981) and the theoretical prediction for linear and random coil 

polymers, 3.4 (Wool, 1993). Daoud and De Gennes (1979) predicted the similar values that 

ƞsp~c1.25 in the semidilute unentangled regime, ƞsp~c4.8 in the semidilute entangled regime, 

and ƞsp~c3.6 in the concentrated regime for neutral and linear polymers in a good solvent 

(Daoud and De Gennes, 1979).  

An increase in polymer concentration results in the following transition of the fiber 

morphology: (1) beads only, (2) beads with incipient fibers, (3) beaded fibers and (4) fibers 

only. The morphology of resultant PUL fiber at different concentrations, 5, 11, and 15 wt%, 

was evaluated by SEM, as shown in Figure 15. When the c is in the range of semidilute 
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unentangled regime, which is less than ce, beads with incipient fibers were produced from 

aqueous PUL solution. The fibers with beads and defects were formed as the concentration 

of aqueous PUL solution was increased to the range of semidilute entangled region, as 

shown in Figure 13. As the concentration was increased to 7 wt% above the ce, beaded 

nanofibers were formed with diameters less than 100 nm (Figure 14b). More uniform, 

fully-formed nanofibers were obtained from PUL solutions with the concentrations ranging 

from 11 to 16 wt%, is similar to the results reported (Kong and Ziegler, 2014). Also, Liu 

et al (2016) reported that the beads with incipient fibers from PUL solutions were obtained 

at the concentration of 5.8 wt%, which is consistent with our result of the ce ranging from 

5.5 to 6 wt% (Liu et al., 2016).  

In addition to the shear viscosity and concentration regimes, other solution 

properties including electrical conductivity and surface tension are important parameters 

for the nanofiber formation through the electrospinning process. Table 1 shows the 

electrical conductivity, surface tension, and shear viscosity at the shear rate of 100 s-1 

measured for PUL solutions at various concentrations at 20 ºC. 
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Figure 13: Dependence of specific viscosity on concentration for PUL solutions. c* is 
overlap concentration; ce is the entanglement concentration; c** is concentrated regime.  

 
The values of surface tension of the PUL solutions slightly decreased from 73.17 

to 67.57 mN/m with increasing PUL concentration from 1 wt% to 15 wt%, whereas the 

electrical conductivities were very low < 0.1 mS/cm, as shown in Table 6 and Figures 27 

and 28. These results are close to the reported conductivities of 0.02, 0.03 and 0.05 mS/cm 

for PUL solutions at the concentrations of 5, 8, and 15 wt%, respectively (Tomasula et al., 

2016). A slight difference in their results could attribute to the different processing 

conditions, which is temperature of 50 ºC higher than the processing temperature (20 ºC) 

in this study. For instance, the surface tension was measured as 61.8 mN/m and the 

electrical conductivity was reported as 0.0499 mS/cm in aqueous PUL solution at the 

concentration of 15 wt% at 50 ºC. All PUL dispersions (in water) showed a shear viscosity 

at 100 s-1 in the range of 0.4 to 1.0 Pa. s (Table 6), which is similar to the reported range 

from 0.06 to 2.2 Pa. s and 0.2 to 2.2 Pa. s for PUL and starch in dimethyl sulfoxide (DMSO) 
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solvent, respectively (Kong and Ziegler, 2012; 2014). DMSO lowered the concentration 

dependence of viscosity for PUL dispersion, enabling the electrospinning of high viscous 

PUL solution (Kong and Ziegler, 2014). 

Table 6: Physical properties of neat PUL solutions and fiber morphology. 

 Concentration 
(wt%) 

Electrical 
conductivity 

(mS/cm) 

Surface 
tension 
(mN/m) 

Shear 
viscosity 
at 100 s-1 
(Pa. s) 

Morphology 

PUL 

1 0.01±0.00 73.17±0.03 0.007 No fiber 
2 0.02±0.00 70.58±0.03 0.009 No fiber 
3 0.01±0.00 70.12±0.03 0.012 No fiber 
5 0.02±0.00 69.31±0.04 0.025 No fiber 
7 0.03±0.00 70.36±0.02 0.057 Beaded fibers 
8 0.02±0.00 71.21±0.02 0.080 Beaded fibers 
9 0.03±0.00 70.87±0.02 0.122 Beaded fibers 
10 0.02±0.00 70.70±0.03 0.170 Beaded fibers 

11 0.04±0.00 70.17±0.03 0.353 FIBERS/ 
160±26 nm 

12 0.03±0.00 69.75±0.03 0.484 FIBERS/ 
230±22 nm 

13 0.04±0.00 69.77±0.03 0.495 FIBERS/ 
342±24 nm 

14 0.03±0.00 69.74±0.02 0.650 FIBERS/ 
315±26 nm 

15 0.05±0.00 67.57±0.07 0.885 FIBERS/ 
301±26 nm 

16 0.06±0.00 65.12±0.09 1.004 FIBERS/ 
416±23 nm 

 17 NA NA 1.481 NA at 20 °C 
 19 NA NA 2.511 NA at 20 °C 
 20 NA NA 2.990 NA at 20 °C 

 

Electrospinning of Pullulan Solutions 

PUL samples were electrospun from aqueous solutions. PUL was dissolved in DI 

water, but it was required to keep a certain distance between the tip of the needle and 
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grounded collector to allow the solvent evaporation during electrospinning due to the lower 

vapor pressure (2.43 kPa at 20 ºC) of water. The distance of 12 cm was used to electrospin 

PUL solutions. The electrospinning process was run under the flow rate of 3 mL/h and the 

applied voltage ranging from 15 to 20 kV.  

Figure 14 shows SEM micrographs of electrospun nanofibers from PUL solutions 

at various concentrations and the distribution of fiber diameter size. Bead-free fibers were 

not obtained from neat PUL solutions with the concentration lower than 10 wt%. The FDS 

increased with increasing PUL concentrations and the fibers became bead- and defect-free 

at the concentration of 15 wt%. The results are consistent with the previous studies (Kong 

and Ziegler, 2014; Tomasula et al., 2016; Liu et al., 2016; Li et al., 2017). 

At 16 wt% PUL (Figure 14), the fibers showed the highest FDS of 416±23 nm and 

were more uniform as the fibers from 15 wt% PUL produced with the diameter of 301±26 

nm under the same processing conditions; the flow rate of 3 mL/h, the applied voltage of 

20 kV and the temperature of 20 °C. Increasing concentration up to 16 wt% produced 

thicker fibers than the concentration less than 11 wt%. Mean fiber size was plotted against 

to PUL concentration to determine the dependence of diameter size on the concentration, 

as shown in Figure 14-l. The relationship between diameter size and concentration fitted 

in a linear equation, y=1.64x+0.61, with R2 of 0.79. As increasing the PUL concentration 

from 9 to 16 wt%, the diameter size of resultant fibers increased and showed a distribution 

with a less standard deviation. 
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Figure 14: SEM images of electrospun nanofibers from PUL solutions at various 
concentrations and the distribution of fiber diameter size: (a) 5 wt.% PUL, 78±23 nm, (b) 
7 wt.% PUL, 76±23 nm (c) 8 wt.% PUL, 90±25 nm (d) 9 wt% PUL, 147±26 nm (e) 10 
wt% PUL, 182±29 nm, (f) 11 wt% PUL, 160±26 nm, (g) 12 wt% PUL, 230±22 nm, (h) 13 
wt% PUL, 342±24 nm, (i) 14 wt% PUL, 315±26 nm, (j) 15 wt% PUL, 301±26 nm, (k) 16 
wt% PUL, 416±23 nm, (l) dependence of mean diameter on PUL concentration, 
y=1.64x+0.61 R2=0.79.  
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Figure 15 shows the SEM images of fibrous mats produced from three different 

concentration of PUL solutions at 4 different magnifications. Under the scale of 500 µm, 

the fibrous mats had some spotted black regions because of electrospraying, spotted white 

regions resulted from jet breakups and smooth surface for 5, 11, and 15 wt% PUL solutions, 

respectively. As the magnification increased, the fibrous mats with smooth surface showed 

a uniform, well-formed fiber structure at a high concentration of PUL solution. This result 

was confirmed the relationship between the solution rheological properties and 

concentration regions. 

 
Figure 15: Electrospun fibrous mats from 5, 11, and 15 wt% PUL at the magnifications of 
100×, 5,000×, 10,000× and 25,000×. 

 
The dependence of the electrospun fiber diameter on h0 for PUL solutions is shown 

in Figure 16. Three different fiber morphologies were identified based on the h0 of the 

solutions. The PUL solutions with a h0 less than 0.02 Pa. s produced polymer droplets 

when electrospun, as the solutions with a h0 between 0.03 and 0.45 Pa. s produced 

electrospun fibers with beads, as shown in Figure 16. The fiber-forming solutions with a 
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h0 greater than 0.45 Pa. s generated defect-free and uniform fibers. Moreover, the mean 

fiber diameter size correlated with h0 by the relationship below 

Diameter	(nm) = 323.7η33.44                                    Equation 5 

 
An increase in the zero shear rate viscosity (h0) indicated a larger number of 

polymer chain entanglement, leading to form thicker electrospun fibers.  

 
Figure 16: Dependence of electrospun fiber size on the ƞ0 for PUL solutions. Three distinct 
regimes of morphology were determined based on the ƞ0: polymer droplets, beaded 
nanofibers, and defect-free fibers.  

 
Figure 17 shows that the solution of each PUL concentration was normalized with 

its respective ce value to evaluate the dependence of fiber diameter on normalized solution 
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concentration for PUL solution series. The electrospun PUL fiber diameter scaled with the 

normalized concentration as 

Diameter	(nm) = 74.7	( 667)
8.9                        Equation 6 

 
where c is the polymer concentration in the solution and ce is the entanglement 

concentration. In Figure 17, the shaded region shows 2-2.5 times ce, which was the 

minimum concentration required to electrospin fully-formed and defect-free fibers. 

Equation 6 was estimated based on the plot of hsp versus concentration data for the 

concentration regions to predict c~ hsp3.8. Then, this relationship was substituted into the 

Equation 5 obtained from the plot of average diameter versus h0, it was predicted as the 

diameter	(nm) = c8.9;, which is identical to the equation obtained from Figure 17. The 

formation of smooth and defect-free fibers required that PUL concentration 1.7 to 2.7 times 

ce, which is a wider range than the reported concentration 1.88 to 2.25 times ce for PUL in 

DMSO solvents (Kong and Ziegler, 2014).  

In this study, our lab used PUL as an edible carrier polysaccharide to electrospun 

casein-based proteins due to its properties to interrupt the 3D structure of proteins and favor 

them to entangle and stretch under an electric field. This strategy was extensively used for 

fiber production for non-food applications by adding PEO or PVA carriers. Xie and Hsieh 

(2003), for instance, used PEO and PVA to electrospun casein proteins in aqueous 

triethanolamine.  
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Figure 17: Dependence of fiber diameter on the normalized concentration for PUL 
solutions. The blue dashed region corresponds to fully-formed PUL fibers at the 
concentration of 1.7-2.7 times ce and grey shaded area represents 2.0-2.5 times ce for the 
defect-free fiber formation from neutral polymers (McKee et al., 2004). 

 
Casein-based fibers with the diameter of 100-500 nm were obtained, but this 

nanofiber cannot be applied in foods because of the use of non-food carrier polymers and 

organic solvents (Xie and Hsieh, 2003). Also, non-food carrier polymer must be used as 

low as possible to produce fibers from proteins. Various PUL concentration ranging from 

1 to 20 wt% were analyzed to evaluate their fiber morphologies and optimize the minimum 

concentration that allows the casein-based proteins to electrospin. 
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5.3.2 Milk Proteins  

Electrospinning of pure proteins especially caseinates from aqueous solutions is 

difficult to produce fibers due to the reasons that are protein complex structure and the 

presence of Ca2+ and Na1+ ions in caseinate dispersions which constrain the electrostatic 

forces created by the voltage (Alborzi et al., 2010; Nieuwland et al., 2013). In addition, for 

electrospinning to occur, the compounds should dissolve completely with a random coil 

structure in solvents, as mentioned in Section 2.3.1. CaCAS with increasing concentration 

is not fully soluble and micellar fragments from denatured casein can interact with Ca2+ 

ions, which hinders the random coil structure (Khaoula et al., 2004). As CaCAS 

concentration increases, it becomes less soluble especially above the concentration of 10 

% reported by Khaoula et al (2004). Electrospinning was not possible to proceed because 

the higher viscosity, which is a function of concentration, caused the formation of droplets 

at the spinneret or needle tip to initiate Taylor cone formation (Fong et al., 1999; 

Ramakrishna, 2005; Greiner and Wendorff, 2007; Nieuwland et al., 2013; Liu et al., 2016; 

Tomasula et al., 2016). 

The dependence of shear viscosity on the shear rate for pure NFDM, CaCAS, and 

NaCAS in aqueous solutions were studied. Shear viscosity was plotted against to shear rate 

ranging from 0.01 to 1000 s-1 to obtain flow curves. Then, shear viscosity at 10 s-1 was used 

to calculate the specific viscosity by using Equation 4 to obtain the ce and determine 

concentration regions; semidilute unentangled, semidilute entangled and concentrated 

regions.  

The ce of pure NFDM, CaCAS, and NaCAS viscosity were 21, 9, and 8 wt%, 

respectively. Electrospraying took place below these critical concentration limits and 
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generated only droplets due to the insufficient molecular entanglement, which provides jet 

stability during the spinning process (Fong et al., 1999; Ramakrishna, 2005; Greiner and 

Wendorff, 2007; Karim et al., 2009; López-Rubio et al., 2012). Above these limits up to 

20 wt% (except for NFDM), enough viscosity was met to maintain jet stability due to the 

molecular entanglement and stretches under the applied voltage (Tomasula et al., 2016). 

5.3.2.1 Nonfat dry milk (NFDM)  

NFDM, as defined by FDA/CFR is produced by removing water from pasteurized 

skim milk. Typical NFDM contains protein of 34-37 %, lactose of 49.5-52.0 %, fat of 0.6-

1.25 %, ash of 8.5 %, and moisture of 3.5 %, reported by Reference Manual for U.S. Milk 

Powders (2005).  

Figure 18 shows the flow curves of NFDM at the concentrations ranging from 1 to 

50 wt%. In the plot, the shear viscosity was obtained at 20 ºC as the shear rate is employed 

from 0.01 to 1000 s-1. NFDM solutions at lower concentrations from 1 up to 30 wt% 

showed Newtonian behavior over the range of the shear rates used and their viscosities 

increased from 0.006 to 0.020 Pa. s. For the dilute solutions, a reduction in the viscosity 

with increasing the shear rate is relatively minor. The solutions with the concentrations of 

35 and 40 wt% slightly showed shear thinning behavior over the same range of shear rates. 

However, a strong shear thinning behavior occurred for aqueous NFDM solutions beyond 

40 wt%. A further increase in concentration increased the dependence of shear viscosity 

on the shear rate, as shown in Figure 18.  
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Figure 18: Dependence of shear viscosity on the shear rate for NFDM at various 
concentrations.  

 
Figure 19 shows the plot of ƞsp as a function of NFDM concentration to determine 

the c regimes by using ƞ0 values obtained from the flow curves (Figure15) at the shear rate 

of 10 s-1. The c*, ce, and c** were determined from the intercepts of fitted lines in the 

semidilute unentangled, semidilute entangled regimes and concentrated regimes, as shown 

in Figure 19. The c*, ce, and c** were calculated as 9.0, 21.0 and 31 wt%. In the semidilute 

unentangled regime (c<ce), the hsp was proportional to c0.08 which is less than the reported 

date for some biopolymers and synthetic polymers (Reneker et al., 2000; McKee et al., 

2004a). In the semidilute entangled regime (c>ce) was proportional to c1.0 for NFDM 

solutions. These findings are less than the reported data in the literature for neutral and 

linear synthetic polymers in a good solvent, ƞsp~c1.0 in the dilute regime, ƞsp~c1.25 in the 
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semidilute unentangled regime. After the point of ce, the slope had a sharp increase, 11.34, 

meaning that the concentration dependence of viscosity increased. It is probably due to 

increased protein contents, which have polymerization (aggregation) behavior. It is 

dependent upon the calcium-mediated interactions via nanoclusters of phosphoserine 

groups, interactions via hydrophobic regions, interactions with water via their hydrophilic 

structure, hydrogen bonding and electrostatic interactions such as calcium bridging 

between negatively charged sites and ion pairing (Swaisgood, 2003). These interactions 

lead the caseins to interact with themselves, each other and minerals, as well as 

hydrophobic and ionic interactions with other proteins (Dalgleish and Parker, 1979), which 

cause a sharp increase in viscosity after a certain concentration. 

 
Figure 19: Dependence of specific viscosity on concentration for NFDM solutions with the 
values of c*; ce; and c**.  
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Table 7 shows the electrical conductivity, surface tension, and the shear viscosity 

at the shear rate of 100 s-1 measured for NFDM solutions at various concentrations at 20 

°C. The value of surface tension for the solutions slightly decreased from 53 to 45 mN/m 

with increasing concentration from 1 to 40 wt%, whereas the electrical conductivities 

increased from 0.8 to 9.0 mS/cm, as also shown in Figure 27. The electrical conductivities 

of NFDM suspensions is higher than CAS. Also, the viscosity values for NFDM are lower 

than CaCAS and NaCAS solutions over the same solid concentrations. The reason is due 

to its composition which consists of approximately 35 % protein including native casein 

and whey proteins, lactose and minerals such as calcium, magnesium, potassium, etc. 

(Reference Manual for U.S. Milk Powders, 2005), whereas CAS contains about 90% 

protein which predominantly responsible for viscosity and protein chain entanglements.  

Instead of forming fibers, small beads and spherical structures were precipitated on 

the grounded collector, as shown in Figure 20. This is expected because the proteins in 

NFDM are composed of casein and whey proteins and casein exists in micellar structure 

with the size ranging from 20 to 300 nm (Oommen, 2004; Rebouillat and Ortega-requena, 

2015). Due to less protein content of NFDM (~35 %) and the globular structure of proteins, 

protein chain entanglement is not enough to form fibers under the electric field.  

 
Figure 20: SEM images of the electrospun structure of 15 wt% NFDM at the 
magnifications of 100×, 5,000×, 10,000× and 25,000×. 
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Table 7: Physical properties of NFDM solutions. 

 Concentration 
(wt%) 

Electrical 
conductivity 

(mS/cm) 

Surface 
tension 
(mN/m) 

Shear 
viscosity at 

100 s
-1

 (Pa.s) 
Morphology 

NFDM 

1 0.81±0.00 52.79±0.11 0.0058 

  
  
  
  
  

No Fiber  
  
  
  
  
  
  

2 1.45±0.00 50.39±0.04 0.0059 
3 2.05±0.00 50.04±0.02 0.0059 
5 3.17±0.00 50.28±0.03 0.0060 
7 4.16±0.01 47.47±0.06 0.0063 
8 4.52±0.01 49.10±0.02 0.0065 
9 5.00±0.01 49.70±0.12 0.0068 
10 5.35±0.01 49.20±0.04 0.0069 
11 5.76±0.01 48.63±0.08 0.0070 
12 6.05±0.01 48.41±0.03 0.0071 
13 6.45±0.01 48.42±0.04 0.0073 
14 6.66±0.01 47.84±0.02 0.0076 
15 6.97±0.01 47.14±0.05 0.0080 
20 8.05±0.01 44.53±0.04 0.0099 
30 8.92±0.01 44.33±0.04 0.0187 
35 8.71±0.01 44.39±0.06 0.0296 
40 8.47±0.01 45.49±0.08 0.0499 

 
 
5.3.2.2 Calcium (CaCAS) and Sodium Caseinates (NaCAS)  

CaCAS  

The viscosities of CaCAS dispersions increased with increasing concentrations. 

The NaCAS solutions were viscous than the CaCAS at the same concentrations due to the 

formation of the dense caseinate domains caused by the presence of Ca+ ions, which 

reduces the effective volume fraction (Grabowska, Van der Goot, and Boom, 2012; 

McMahon and Oommen, 2013; Thomar et al., 2013). CaCAS solution was Newtonian fluid 

at lower shear rates and exhibited slightly shear thinning behavior at higher shear rates with 

increasing concentrations. At the concentrations of 1, 3, 5, 7, and 9 wt% CaCAS, the 

solutions showed shear thinning behavior as the samples at the concentrations of 11 and 13 
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wt% showed Newtonian behavior with the shear viscosities around 0.03 and 0.06 Pa. s, 

respectively. CaCAS solutions below the concentration of 9 wt%, electrospraying or drops 

occurred due to the insufficient viscosity, which provides less molecular entanglement of 

polymer chains. Without enough chain entanglement, it is impossible to sustain jet stability 

which plays an important role to produce continuous and defect-free fibers. At the higher 

concentrations of CaCAS above 13 wt%, the solutions showed shear thinning behavior, as 

shown in Figure 21. For example, the viscosities of CaCAS solutions above 15 wt% 

drastically decrease over a higher shear rate.  

Figure 21 shows the dependence of shear viscosity on the shear rate for neat CaCAS 

solutions at various concentrations. Shear viscosity was measured based on the range of 

shear rate from 0.01 to 1000 s-1 for the CaCAS solutions at the concentration ranging from 

1 to 17 wt% in aqueous solutions at 20 °C. CaCAS solutions at the lower concentrations 

below 14 wt% followed a Newtonian fluid behavior over the shear rate ranging from 1 to 

100 s-1. Their viscosities slightly increased from 0.006 to 0.06 Pa. s at the shear rate of 100 

s-1 while the viscosities at the concentrations of 14 and 15 wt% were 0.243 and 0.210 Pa.s. 

With increasing shear rate, the protein molecules reaggregate or self-associate themselves 

to rearrange the proteins into colloidal particles due to the changes in hydrophobic 

interactions (McMahon and Oommen, 2013). This results in a sudden change in viscosity 

at the shear rate above 10 s-1 at higher protein concentrations, as shown in Figure 21. 

Stijnman et al (2011) reported that the polysaccharides with a strong shear thinning 

behavior at lower shear can only form a jet and/or droplet and no fibers (Stijnman et al., 

2011). The viscosity changes occurred due to the attractive interactions in CaCAS are 
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employed by Ca2+ ions and induce the formation of domains of casein particles as 

increasing its concentrations (Thomar et al., 2013).  

 
Figure 21: Dependence of shear viscosity on the shear rate for CaCAS at various 
concentrations. 

 
Figure 22 shows the concentration regimes and ce of CaCAS solution and its ce is 9 

wt%. According to McKee et al (2004), the concentration of polymer solutions should be 

at least 2-2.5 times ce for neutral polymers to form fibers from polymer solutions via 

electrospinning. Therefore, CaCAS solutions at the concentrations above 9 wt% may 

produce fibers. In Figure 22, the viscosities in semidilute unentangled (c<ce), semidilute 

entangled (c**>c>ce) and concentrated regimes (c>c**) are proportional to c0.16, c1.40, and 

c7.48, respectively. The slope in the semidilute entangled is not close to theoretical 

prediction for the formation of bead-free fibers from linear polymers in a good solvent 
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(ƞsp~c4.8) (Daoud and De Gennes, 1979) and the other random coil polysaccharides, 

including dextran and lambda-carrageenan, ƞsp~c3.3 (Morris et al., 1981). As discussed in 

more depth below, aqueous CaCAS cannot form nanofibers under the conditions used in 

this study. 

 
Figure 22: Dependence of specific viscosity on the concentration for CaCAS solutions with 
the values of c*, ce, and c**. 

 
Besides the shear viscosity and concentration regimes, other solution properties 

including electrical conductivity and surface tension are important parameters for the 

nanofiber morphology through the electrospinning process. Table 8 shows the electrical 

conductivity, surface tension, and the shear viscosity at the shear rate of 100 s-1 measured 

for CaCAS solutions at various concentrations at 20 °C.  
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The value of surface tension for CaCAS solution was constant by about 45 mN/m 

with increasing concentration from 1 to 15 wt%, whereas the electrical conductivities 

increased from 0.2 to 1.4 mS/cm, as shown in Table 8. These results are similar to the 

conductivities of aqueous CaCAS solutions reported 1.0 and 1.76 mS/cm at the 

concentrations of 5 and 10 wt%, respectively (Tomasula et al., 2016). In the same study, 

the surface tension of CaCAS solutions ranged from 45 to 50 mN/m over the concentrations 

ranging from 5 to 20 wt% which is similar to our findings, as shown in Table 8.  

Based on the plot of the concentration dependence of the ƞsp, the results showed the 

slope of the concentration regimes were lower than the theoretical predictions for the 

synthetic polymers and biopolymers (Daoud and Daoud and De Gennes, 1979; Morris et 

al., 1981; Reneker et al., 2000; McKee et al., 2004). The reasons could be due to caseinates’ 

heterogeneous molecular size and structure due to calcium bindings and high electron 

density (McMahon and Oommen, 2013) which both may hinder the solubility and random 

coil structure as well as entanglement of protein chains, which is an important requirement 

for the electrospinning. Even at concentrations approximating 2.5 times ce, bead-free 

nanofibers cannot be achieved from aqueous CaCAS solutions, as shown in Figure 23.  

 
Figure 23: SEM images of the electrospun structure of 15 wt% CaCAS at the 
magnifications of 100×, 5,000×, 10,000×, and 25,000×. 
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Table 8: Physical properties of CaCAS solutions. 

 Concentration 
(wt%) 

Electrical 
conductivity 

 (mS/cm) 

Surface 
tension 
(mN/m) 

Shear 
viscosity at 
100 s

-1

 (Pa.s) 
Morphology 

CaCAS 

1 0.19±0.00 45.47±0.04 0.006 

No fiber 

2 0.36±0.00 47.80±0.08 0.006 
3 0.46±0.01 47.73±0.08 0.007 
5 0.67±0.01 45.33±0.10 0.008 
7 0.86±0.01 47.18±0.10 0.010 
8 0.94±0.00 45.39±0.02 0.015 
9 1.03±0.01 45.12±0.08 0.017 
10 1.10±0.00 45.06±0.02 0.027 
11 1.18±0.01 45.68±0.07 0.026 
12 1.25±0.00 44.21±0.01 0.059 
13 1.31±0.02 46.57±0.06 0.060 
14 1.36±0.00 45.55±0.04 0.210 
15 1.42±0.01 46.76±0.05 0.243 

 

Instead of forming fibers, small beads and spherical CaCAS structures were 

collected on the collector. This is expected because CaCAS have large colloidal particles 

(~300 nm diameter) and small particles of 10 to 20 nm diameter, which have a spherical 

appearance similar to native micelles in milk (Oommen, 2004). They also have electron 

density which result from a combination of higher concentration protein in colloidal 

particles or high level of calcium binding to casein particles (Thomar et al., 2013; 

McMahon and Oommen, 2013), which may affect both carrying the positive charges and 

the amount of solutions withdrawn from needle to the collector under the electric field.  

NaCAS  

Figure 24 shows the dependence of shear viscosity on shear rate ranging from 0.01 

to 1000 s-1 for NaCAS solutions. The solutions with the concentrations of 1, 2, 3, 5, 7, 8, 

9, 10, 11, 12, and 13 wt% showed Newtonian fluid behavior at the shear rates less than 100 

s-1 while the solutions with the concentrations above 15 wt% reverted to shear thinning 
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behavior. The shear viscosity increases from 0.06 to 3.00 Pa. s with the solution 

concentrations ranging from 1 to 15 wt%, as shown in Figure 24. This finding is consistent 

with previously reported data that dense suspensions of NaCAS at the concentration above 

10 wt% have a viscoelastic behavior and its viscosity increases with an increased 

concentration (Thomar et al., 2013). The changes in viscosity are attributed to the jamming 

of dense small casein particles in NaCAS proteins (Pitkowski et al., 2008). 

 
Figure 24: Dependence of shear viscosity on the shear rate for NaCAS at various 
concentrations.  
 

Figure 25 shows the concentration regimes and ce of NaCAS solution and its ce is 8 

wt%. The viscosities in the semidilute unentangled, semidilute entangled, and concentrated 

regimes are proportional to c0.19, c1.75, and c8.38, respectively. Even though the slope in the 

semidilute entangled is lower than the slopes for electrospinnable synthetic and natural 
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polymers, which were reported as 3.5 for neutral and linear polymers (Colby et al., 1991; 

Wool, 1993) and 4.8 for polysaccharides such as dextran (Morris et al., 1981).  

 
Figure 25: Dependence of specific viscosity on the concentration for NaCAS solutions with 
the values of c*, ce, and c**.  

 
Table 9 shows the electrical conductivity, surface tension, and shear viscosity at the 

shear rate of 100 s-1 measured for NaCAS solutions at a various concentration at 20 °C. 

The value of surface tension for NaCAS solution slightly decreased from 50 to 47 mN/m 

with increasing concentration from 1 to 15 wt%, whereas the electrical conductivities 

increased from 0.3 to 3.3 mS/cm, as also shown in Figures 27 and 28. These results are 

similar to the conductivities of aqueous NaCAS solutions reported 1.0 and 1.76 mS/cm at 

the concentrations of 5 and 10 wt%, respectively (Tomasula et al., 2016). In the same study, 
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the surface tension of CaCAS solutions ranged from 45 to 50 mN/m over the concentration 

range from 5 to 20 wt% which is similar to our findings, as shown in both Table 8 and 

Figure 28.  

 
Figure 26: SEM images of the electrospun structure of 15 wt% NaCAS at the 
magnifications of 100×, 5,000×, 10,000×, and 25,000×. 
 

Table 9: Physical properties of NaCAS solutions. 

 Concentration 
(wt%) 

Electrical 
conductivity 

(mS/cm) 

Surface 
tension 
(mN/m) 

Shear 
viscosity 
at 100 s-1 

(Pa.s) 

Morphology 

NaCAS 

1 0.34±0.00 49.26±0.04 0.006 

No fiber 

2 0.72±0.00 49.62±0.05 0.006 
3 0.86±0.01 49.87±0.03 0.007 
5 1.33±0.01 48.75±0.03 0.009 
7 1.74±0.01 47.40±0.04 0.014 
8 2.09±0.02 47.73±0.05 0.020 
9 2.24±0.00 47.69±0.06 0.027 
10 2.42±0.02 48.16±0.04 0.047 
11 2.64±0.01 47.71±0.04 0.079 
12 2.72±0.02 47.44±0.03 0.152 
13 2.88±0.01 47.70±0.06 0.339 
14 2.92±0.05 47.56±0.03 0.746 
15 3.32±0.00 47.16±0.03 1.994 

 

Even though the concentration of NaCAS was at least 2.0-2.5 times the ce, which 

fits in the reported values for the electrospinnable synthetic and natural polymers, and its 

viscosity (above 0.1 Pa. s) was adequate for the processing, the nanofibers were not 

produced, as shown in Figure 26. Instead, electrospun dried powder particles were formed. 
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This could be due to the lack of molecular entanglement properties of CAS resulting from 

their complex protein structures, including large colloidal particles and interactions of 

monovalent and/or divalent ions with casein proteins (Oommen, 2004; McMahon et al., 

2009).  

 
Figure 27: Electrical conductivities of NFDM, CaCAS, NaCAS, and PUL as a function of 
solution concentration (wt%) at 20 ºC.  

 
Figure 28: Surface tension of NFDM, CaCAS, NaCAS, and PUL solutions as a function of 
solution concentration (wt%) at 20 °C. 
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5.4 Summary 

This chapter focused on the c and shear rate (s-1) dependence of h for pure and 

aqueous PUL, NFDM, CaCAS, and NaCAS solutions and their influence on the 

electrospinning of these biopolymers without using any organic solvents, acids, and carrier 

polymers in the solutions.  

Ø The transition from the semidilute unentangled to both the semidilute entangled and 

concentrated regimes occurs at the ce of 5.5 wt% for aqueous PUL solutions which is 

similar to the reported ce (4.0 wt%) for random coil polysaccharides dissolved in salt 

solution (0.5 M, NaOH) (Morris et al., 1981). The hsp varies as c0.61 for the semidilute 

unentangled, c2.85 for the semidilute entangled, and c4.76 for the concentrated PUL 

solutions. Below the ce, it formed only beads due to insufficient viscosity causing only 

electrospraying. The lower and upper viscosity limits were determined as 0.3 Pa. s and 

1.0 Pa. s to produce PUL fibers at 20 °C, respectively, but the viscosity at beyond 0.3 

Pa. s (10 wt%), bead-free, uniform PUL nanofibers were produced.  

Ø Based on the data in this section, the ce of aqueous NFDM, CaCAS, and NaCAS were 

found as 21.1, 9.0, and 8.0 wt%. McKee et al (2004) determined that the formation of 

uniform, bead-free fibers is required the solution concentration 2.0-2.5 times the ce for 

neutral polymers (McKee et al., 2004). In the case of NFDM and CAS, we anticipated 

that the solutions at the concentrations above the ce may produce fibers, but their 

aqueous solutions were not able to form nanofibers via electrospinning at RT (20±1 °C).  

Ø NFDM contains 35 wt% proteins consisting of micellar native casein and whey proteins 

and casein micelles and globular structure of whey proteins lack the molecular 
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interactions and restrict the chain entanglements, which is a necessity for the 

electrospinning process, as discussed in previous sections.  

Ø  CaCAS solutions up to 15 wt% showed lower shear viscosities compared to the 10 or 

15 wt% PUL solutions. The solutions did not produce fibers, nor did solutions of 20 

wt% CaCAS because of their high viscosities causing the accumulation of gel-like 

caseinates at the needle tip. 

Ø In the presence of Ca2+ ions, colloidal and/or subunit structure occurs via calcium 

bridges formed by hydrophobically linked phosphoserine groups in CaCAS during its 

conversion from acid casein to soluble CaCAS. It may also form too dense protein 

chains, causing the lack of protein chain entanglements (Tomasula et al., 2016).  

Ø Even though the concentration dependence of specific viscosity profile of NaCAS 

solution was similar to such of PUL, the hsp of NaCAS solution was proportional to c8.72, 

which is higher than the reported value of 3.3 for random coil polysaccharides (Morris 

et al., 1981) and theoretically predicted data of 3.5 for neutral and linear polymers 

(Wool, 1993). NaCAS exists in small protein strands and agglomerates of caseinate 

proteins which affect adversely the molecular chain entanglements and electrospun fiber 

formation.  
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CHAPTER 6 

Effect of PUL as Carrier Polymer on Electrospinning of NFDM and Caseinate 

Proteins 

Producing edible ultrafine fibers via electrospinning from NFDM and CAS was 

required an incorporation of an edible and electrospinnable polymer, PUL since the 

aqueous NFDM and both CAS solutions cannot produce ultrafine fibers and ultrafine 

fibrous mats through the electrospinning process, as discussed before in Chapter 4.  

As mentioned in Section 2.3.1, previous studies have been reported empirically that 

the fiber formation via electrospinning is strongly influenced by the amount of polymer 

chain entanglements in solutions (c/ce) for neutral polymers (Colby et al., 1991; McKee et 

al., 2004; Shenoy et al., 2005). Molecular weight or concentration dependence of viscosity 

relationships can be applied for a measure of polymer chain entanglements which plays a 

crucial role for successful fiber formation. Colby et al (1991) identified three different 

concentration regions including the dilute and the semidilute unentangled, the semidilute 

entangled and the concentrated regimes from the concentration dependence of viscosity for 

the linear polymers in good solvents (Colby et al., 1991; Krause et al., 2001). McKee et al 

(2004) reported that neutral copolyester with molecular weights above the entanglement 

molecular weight, ce was the minimum concentration necessary for the formation of beaded 

fibers, whereas the formation of uniform, bead-free fibers was required a minimum 

concentration as 2.0-2.5 times the ce (McKee et al., 2004).  

Nieuwland et al (2013) proposed a mechanism for the electrospinning of the 

proteins either with an ideal solvent or a carrier polymer, as shown in Figure 29 (Nieuwland 

et al., 2013). Route A shows the use of an ideal solvent for the electrospinning of proteins 
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by denaturing protein to promote the dissolution and random coil structure. However, it 

sometimes causes the aggregation of denatured protein pieces and organic solvents (except 

ethanol) are not for food use. Based on the aim of this study, we need to form edible 

nanofibrous mats from the milk proteins. Therefore, Route B is the option which depicts 

the application of a processing aid to electrospin milk-based proteins that are impossible to 

electrospin in aqueous solutions (Nieuwland et al., 2013).  

 
Figure 29: A mechanism for the electrospinning of proteins. Route A shows the use of an 
ideal solvent to denature proteins aggregates and Route B depicts the use of a processing 
carrier to electrospin protein (Nieuwland et al., 2013). 
 

In the mixture of polysaccharide and protein compounds, their complexes can 

interact each other by forming intermolecular hydrogen bonds due to the interactions 

between hydroxyl groups from polysaccharides and amino groups from proteins, which 

likely promotes the molecular entanglements for the electrospinning process (Tomasula et 

al., 2016). Other interactions can occur between water molecules and hydroxyl residues of 

the polymer chains, provind more flexibility to the polymer chains. In the case of this study, 

we can interpret that PUL can introduce more flexibility within dense protein chains of 
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caseinate structures, allowing bending of the protein chains due to PUL molecular structure 

with α-(1-6) linkages associated with randomly ordered chains (Kristo and Biliaderis, 

2007; Aceituno-Medina et al., 2013). Unlike NFDM or native casein and whey proteins, 

CAS proteins do not have disulfide linkages due to their low amount of cysteine, nor 

globular structure, which allows forming stable polysaccharide-protein complexes. Also, 

it contains a large number of proline residues, which can allow the bending of protein 

chains by preventing the formation of secondary structures (Gennadios et al., 1994). Due 

to these characteristics of CAS proteins may be well-suited to incorporate with PUL for 

electrospinning process better than NFDM or whey proteins in the absence of organic 

solvents.  

The objective of this Chapter was to investigate the effect of PUL carrier on the viscosity 

and chain entanglements of NFDM and CAS solutions by identifying the c regions and ce 

of their blended solutions.  

6.1 Overview  

A systematic investigation is presented to understand why aqueous NFDM, 

CaCAS, and NaCAS can only be electrospun into fibers through a blend with another 

polymer, specifically pullulan (PUL) used in this study. To examine and understand the 

role of PUL as a processing aid, this section covers the effects of concentration and 

viscosity on the NFDM and caseinate-based ultrafine fibers.  

In this section, NFDM, CaCAS, and NaCAS blended with PUL in aqueous 

solutions were electrospun to characterize the effect of PUL on their electrospinning. The 

onset of chain entanglement in aqueous milk protein solutions in the presence of PUL and 

the role of PUL on chain entanglement and fiber morphology were determined. Other 
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solution properties including electrical conductivity, shear viscosity, and surface tension 

were also determined to find out the relationship between the electrospinning process and 

solutions properties.  

6.2 Preliminary results 

To compare PUL with both a neutral (PEO) and protein carriers (gelatin), a water-

soluble polymer (PEO, 900 kDa) and a food-grade polymer (Gelatin Type A, 50-100 kDa) 

were tested to determine their shear rate dependence of shear viscosity and concentration 

dependence of specific viscosity briefly in comparison to PUL (PUL, ~500 kDa), which is 

used as a carrier polymer throughout this study.  

Figures 30, 31, and 32 show the shear rate dependence of the shear viscosity and 

the concentration dependence of the ƞsp of pure PEO and gelatin in aqueous solutions to 

compare their flow curves and the concentration regimes for the electrospinning process. 

Flow curves were built from shear viscosity versus shear rate data obtained with the shear 

rate ranging from 0.01 to 1000 s-1. Then, shear viscosity at 10 s-1 was used to calculate the 

specific viscosity to obtain the ce, which is an onset concentration for molecular chain 

entanglements. Even though Figure 32 shows the plots of the flow curve and concentration 

dependence of ƞsp for PUL, the discussion will not be presented here because the details 

have been already discussed and explained in Section 5.3.1. It was only mentioned here 

again (Figure 32) to compare it with the rheology of PEO and gelatin solutions.  

The viscosities of PEO and gelatin solutions increased with increasing 

concentrations as shown in Figures 30a and 31b. PEO showed a strong shear thinning 

behavior at the shear rate above 20 s-1, as shown in Figure 30a. However, aqueous gelatin 

solutions at the concentrations ranging from 1 up to 20% showed Newtonian flow behavior 



107 
 

 

less than 0.2 Pa. s at the shear rate ranging from 0.1 to 100 s-1. This difference could be 

attributed to the processing temperature which was 45 °C higher than the processing 

temperature (20 °C) for PEO and PUL polymers.  

The ce of aqueous PEO and gelatin solutions was 1.1 and 5.9 wt%, as shown in 

Figures 30b and 31b, respectively. At c< ce, electrospraying took place for both polymers 

and aqueous PEO solution at the concentration of 1 wt% produced the beads with incipient 

fibers, while gelatin at the concentration of 5 wt% was unable to produce fibers. This is 

due to the insufficient molecular entanglement, which provides jet stability during the 

spinning process (Fong et al., 1999; Greiner and Wendorff, 2007; Karim et al., 2009).  

At the c> ce, 17 wt% gelatin solution produced smooth, bead-free fibers with a diameter of 

380 nm, as shown in Figure 31b, whereas 3 wt% PEO produced uniform, well-formed 

fibers with a diameter of 170 nm, as shown in Figure 30b.  

The ƞsp of PEO was proportional to c3.99 at the c> ce, which is little lower than the 

theoretical prediction of c4.8 (Daoud and Daoud and De Gennes 1979), but similar to the 

PUL results, 4.34, as shown in Figure 32. The lower and upper viscosity limit for PEO 

solutions were observed as 0.4 to 1.0 Pa. s for electrospinning of PEO, whereas such 

viscosity range for PUL was from 0.06 to 1.0 Pa. s, as shown in Figure 32a. However, the 

ƞsp of gelatin was proportional to c2.01 at the c> ce, which is lower than the theoretical 

prediction of c4.8 (Daoud and De Gennes 1979).  
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Figure 30: Dependence of shear viscosity on the shear rate for PEO at the concentration in 
the range from 0.1 to 5.0 wt% (a); concentration dependence of ƞsp for PEO solutions (b). 
The ce is 1.1 wt%. 

 
Even though PEO and gelatin are an excellent electrospinnable polymer, PEO was 

not used as a carrier polymer due to its ineligibility for food products, and gelatin was not 

used because it requires a high temperature processing (~40 °C). However, all analysis and 

electrospinning were employed at 20 °C and RT in this study. In this case, PUL is a good 

candidate for the electrospinning of proteins because it is a water-soluble, food-grade, and 

electrospinnable polysaccharide at RT.  

 

 
Figure 31: Dependence of shear viscosity on the shear rate for gelatin at the concentration 
in the range from 1 to 20 wt% (a); concentration dependence of ƞsp for gelatin solutions 
(b). The ce is 5.9 wt%. Only gelatin solutions were prepared and tested at 45 °C.  
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Figure 32: Dependence of shear viscosity on the shear rate for PUL at the concentration in 
the range from 1 to 20 wt% (a); concentration dependence of ƞsp for PUL solutions (b).The 
ce is 5.8 wt%.  

 
Figure 33 shows that electrospun 15 wt% PUL fibers and electrospun NFDM, 

CaCAS, and NaCAS structures to demonstrate their electrospun structures before 

beginning the details in the study. The minimum concentration of 1.7-2.7 times the ce 

needed to obtain uniform, defect-free fibers from neat PUL solutions, as mentioned in 

Section 5.3.1, which fits the theoretical model for the concentration regimes (Morris et al., 

1981; Wool, 1993). Unlike PUL, milk proteins in the absence of carrier polymer and 

organic solvents cannot form fibers via electrospinning due to the reasons mentioned in 

detail in Section 5.3.2. Therefore, PUL, excellent food-based, electrospinnable polymer, 

was used to electrospin the milk proteins by making use of natural protein-polysaccharides 

interactions without adding any non-food compounds or applying harsh treatments. 

 
Figure 33: Electrospun structures from 15 wt% PUL, NFDM, CaCAS, and NaCAS in 
aqueous solutions. (a) PUL fibers from its fibrous mats and (b) electrospun NFDM, (c) 
CaCAS and (d) NaCAS structures.  
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6.3 Increasing PUL concentration in the blends with 15 wt% NFDM and CAS 

To understand the effect of PUL in electrospinning milk-based proteins electrical 

conductivity, surface tension and shear viscosity were measured by increasing PUL 

concentrations ranging from 1 to 15 wt% in the solutions and keeping the NFDM, CaCAS 

and NACAS concentrations constant, 15 wt%, as shown in Table 10. When 15 wt% PUL 

mixed with 15 wt% NFDM, CaCAS, and NaCAS with a 50:50 weight ratio, PUL viscosity 

decreased from 0.885 to 0.12, 0.19, and 0.19 Pa. s at the shear rate of 100 s-1, as shown in 

Table 10. Since NFDM has fewer proteins with micellar and globular structure, it causes a 

weak interaction between protein chains and a dilute solution, which made the viscosity of 

PUL solution decrease.  

In a protein and a polysaccharide mixing in aqueous solution, the interaction of two 

biopolymers attributes either segregative or associative. In very dilute solutions, protein 

and polysaccharides are stable and co-soluble because mixing entropy dominates (Kruif 

and Tuinier, 2001). Thus, the blend solution viscosity in dilute solutions showed a little 

change and had a Newtonian fluid behavior at the shear rate of 100 s-1. However, increasing 

PUL concentration in the blends with proteins at an increased shear rate made them follow 

shear thinning behavior, as shown in Figures 37, 43, and 49 in the following sections. 
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Table 10: Solution properties of NFDM, NFDM: PUL, CaCAS, CaCAS: PUL, NaCAS, 
and NaCAS: PUL. Concentrations of NFDM, CaCAS, and NaCAS were kept constant, 15 
wt%. The blends were prepared from 15 wt% NFDM and CAS mixed with PUL at the 
concentrations ranging from 1 to 15 wt% with a 50:50 mixing ratio. Shear viscosity is at 
100 s-1 (Pa. s).  

Solution 
Composition  

Total polymer 
concentration 

(wt%) 

Electrical 
Conductivity 

(mS/cm 

Surface 
Tension 
(mN/m) 

Shear 
Viscosity at 

100 s-1 (Pa. s) 

15 % PUL 15 0.05±0.0 67.6±0.1 0.89 
15 % NFDM 15 7.0±0.0 47.1±0.1 0.01 
NFDM: 1 % PUL 8 4.3±0.0 47.9±0.0 0.07 
NFDM: 5 % PUL 10 4.1±0.0 46.4±0.1 0.02 
NFDM: 9 % PUL 12 3.9±0.0 48.5±0.1 0.04 
NFDM: 11 % PUL  13 3.8±0.0 48.6±0.0 0.05 
NFDM: 15 % PUL  15 3.6±0.0 48.7±0.1 0.12 
 
15 % CaCAS 15 1.4±0.0 46.8±0.0 0.24 
CaCAS: 1 % PUL  8 0.9±0.0 37.0±0.6 0.01 
CaCAS: 5 % PUL  10 0.8±0.0 38.0±0.0 0.03 
CaCAS: 9 % PUL  12 0.8±0.0 44.2±0.2 0.06 
CaCAS: 11 % PUL  13 0.7±0.0 45.0±0.3 0.09 
CaCAS: 15 % PUL  15 0.7±0.0 46.8±0.0 0.19 
 
15 % NaCAS 15 3.3±0.0 47.2±0.0 1.99 
NaCAS: 1 % PUL  8 1.8±0.0 50.0±0.3 0.02 
NaCAS: 5 % PUL  10 1.7±0.0 50.7±0.3 0.03 
NaCAS: 9 % PUL  12 1.6±0.0 50.0±0.3 0.07 
NaCAS: 11 % PUL  13 1.5±0.0 50.0±0.3 0.10 
NaCAS: 15 % PUL 15 1.4±0.0 47.8±0.0 0.19 

 

Increasing PUL in the blend solutions both increases the viscosity of the solutions 

and favors NFDM, CaCAS, and NaCAS to produce uniform, defect-free nanofibers. When 

the concentration of blend solutions increased up to 15 wt%, the fibers become beadless 

and more uniform, as shown in Figure 34. Minimum viscosity (~0.1 Pa. s) was reached by 

increasing the solid concentration and such concentration with the help of PUL carrier. 

This could be attributed to increased molecular interaction and/or polymer chain 
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entanglement of NFDM and CAS in the presence of PUL with increasing concentrations. 

PUL addition to the solutions made from NFDM, CaCAS, and NaCAS reduced the 

conductivities of the solutions from 7.0 to 3.6, 1.4 to 0.7, and 3.3 to 1.4, respectively, which 

enabled the molecules to carry positive charges resulting in stretching the jet to form 

ultrafine fibers. This result is consistent with the SEM micrographs of the fibers obtained 

from fibrous mats in this study, as shown in Figure 34. When the viscosity increases with 

increasing PUL content in the blend solutions from 0.5 to 7.5 wt%, the fibers became more 

uniform and defect-free for the blended solutions made from 15 wt% NFDM, CaCAS and 

NaCAS with 15 wt% PUL with a 50:50 mixing weight ratio, as shown in in Figures 34e, j, 

and o.  

Figure 35 shows the SEM images of fibrous mats produced from three different 

concentration of 15 wt% PUL and 15 wt% NFDM, CaCAS, and NaCAS blended with 15 

wt% PUL solutions with a 50:50 ratio at 4 different magnifications which are 100×, 5,000×, 

10,000×, and 25,000×. They produced fibers with diameters 301±18, 163±22, 217±15, and 

215±22 nm, respectively. Even though all the fibrous mats had smooth surface under a 

scale of 500 µm, 15 wt% NFDM: 15 wt% PUL (50:50) showed breakups and defects in 

fiber structure under the scale of 2 µm which are indicated by red arrows in Figure 35. The 

fibers obtained from 15 wt% CaCAS: 15 wt% PUL (50:50) showed small defects but 

mostly uniform while the NaCAS: PUL fibrous mats with smooth surface showed a 

uniform, well-formed fiber structure as the magnification increased.  
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Figure 34: SEM images of electrospun nanofibers from neat 15 wt% NFDM, CaCAS and 
NaCAS and their blends with 1, 5, 9, 11 and 15 wt% PUL solutions with a 50:50 mixing 
ratio (a) 15 wt% NFDM: 1 wt% PUL (50:50), (b) 15 wt% NFDM: 5 wt% PUL (50:50), (c) 
15 wt% NFDM: 9 wt% PUL (50:50), (d) 15 wt% NFDM: 11 wt% PUL (50:50), (e) 15 wt% 
NFDM: 15 wt% PUL (50:50), (f) 15 wt% CaCAS: 1 wt% PUL (50:50), (g) 15 wt% CaCAS: 
5 wt% PUL (50:50), (h) 15 wt% CaCAS: 9 wt% PUL (50:50), (i) 15 wt% CaCAS: 11 wt% 
PUL (50:50), (j) 15 wt% CaCAS: 15 wt% PUL (50:50), (k) 15 wt% NaCAS: 1 wt% PUL 
(50:50), (l) 15 wt% NaCAS: 5 wt% PUL (50:50), (m) 15 wt% NaCAS: 9 wt% PUL (50:50), 
(n) 15 wt% NaCAS: 11 wt% PUL (50:50), (o) 15 wt% NaCAS: 15 wt% PUL (50:50). 
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The blend of NaCAS: PUL produced thinner fibers with the diameters of 215±22 

nm than the one from PUL with 301±18 nm over the same processing conditions, a flow 

rate of 3 mL/h and an external voltage of 20 kV. It is because 15 wt% PUL has a higher 

viscosity of 0.885 Pa. s at a shear rate of 100 s-1 than its blend with 15 wt% NaCAS which 

reduced the viscosity of PUL to 0.186 Pa. s at the same shear rate, as shown in Table 10. 

This result is consistent with literature reports that fiber diameters increase significantly 

with higher viscosities which is a function of polymer concentration as thinner fibers are 

formed at lower viscosities (Greiner and Wendorff, 2007; McKee, Elkins, and Long, 2004).  

 
Figure 35: Electrospun fibrous mats from 15 wt% PUL and its blends with 15 wt% NFDM, 
CaCAS and NaCAS with a 50:50 weight ratio at various magnifications, vertically 100×, 
5,000×, 10,000×, and 25,000×. Fiber diameter size of PUL, NFDM: PUL, CaCAS: PUL 
and NaCAS: PUL are 301±18, 163±22, 217±15, and 215±22 nm from up to down, 
respectively. Red arrows show the breakups and defects within fiber structure.  
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6.4 NFDM with PUL blends  
 

Figure 36 shows the dependence of shear viscosity on the shear rate of aqueous 

NFDM solutions in the concentration range blended with 15 wt% PUL with a 50:50 weight 

mixing ratio. The concentrations of NFDM solutions range from 1 to 25 wt%. Due to the 

molecular structure of proteins in NFDM, there is a lack of the protein chain entanglements 

under the electric field. The shear rate was employed from 0.01 to 1000 s-1 were performed 

on the concentrations of NFDM blended with PUL solutions ranging from 8.0 to 20.0 wt% 

in aqueous solutions at 20 ºC. Blend solutions at the lower concentration showed 

Newtonian behavior and their viscosities increased from 0.007 to 0.28 Pa. s as increasing 

NFDM concentrations ranging from 1.0 to 17.5 wt%. However, shear thinning behavior 

occurred at the higher total solid concentration more than 17.5 wt%. The dependence of 

shear thinning behavior on concentration increased at the total solid concentration of 20 

wt%. As shown in Figure 36, 15 wt% PUL showed a higher viscosity dependence on 

concentration compared to its blend with NFDM. This is due to the higher lactose content 

of NFDM (Reference Manual for U.S. Milk Powders 2005), causing lack of chain to chain 

interactions, which is a function of protein content, to promote a higher viscosity.  



116 
 

 

 
Figure 36: The dependence of shear viscosity on the shear rate of aqueous NFDM solutions 
at a range of concentrations blended with 15 wt% PUL with a 50:50 weight mixing ratio. 
The concentrations of NFDM solutions range from 1 to 25 wt%. Neat protein content in 
blend solutions increases 0 to 4.5 % because NFDM contains 35.9 % protein. 

 
Table 11 summarizes the concentration of NFDM and PUL solutions and their 

blends with a 50:50 weight mixing ratio and their zero shear viscosity at the shear rate of 

10 s-1, which is used to calculate specific viscosity by using Equation 4. The ƞ0 increased 

with increasing NFDM content in the mixed solutions from 0.066 to 0.283 Pa. s at the shear 

rate 10 s-1. Compared to CAS blended with PUL, the viscosity values were lower because 

of the less protein content which is correlated to viscosity (McMahon and Oommen, 2013). 
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Table 11: Concentration of NFDM and PUL solutions and their blends with a 50:50 
weight mixing ratio and their zero shear viscosity at the shear rate of 10 s-1. 

Concentration of 
NFDM solution 

(wt%) 

Concentration of 
PUL solution 

(wt%) 

Weight 
mixing ratio 

Total blend 
concentration 

(wt%) 

ƞ0 at shear rate 

of 10 s
-1

 (Pa.s) 

0 15 50:50 7.5 0.046 
1 15 50:50 8.0 0.066 
5 15 50:50 10.0 0.079 
9 15 50:50 12.0 0.092 
11 15 50:50 13.0 0.102 
15 15 50:50 15.0 0.121 
20 15 50:50 17.5 0.197 
25 15 50:50 20.0 0.283 

 

The dependence of hsp on the concentration for NFDM blended with 15 wt% PUL 

with a 50:50 ratio is shown in Figure 37. The blue lines with blue scatter data are the blend 

of NFDM and PUL solutions by keeping PUL concentration constant, 15 wt%, and 

increasing NFDM content in the blends so that increasing the total solid concentration. 

Three SEM images show the electrospun structures in Figure 37; PUL fibers with a 

diameter of 301±26 nm, NFDM powders and/or pieces and NFDM: PUL blend fibers with 

the diameter of 210±17 nm. With the improvement of electrospinnability of NFDM 

through the addition of PUL, Figure 37 shows the viscosity concentration relationships, 

varying the different ratios of NFDM and PUL from 0% to 100% NFDM content. A shift 

in the ce of the blend system from 5.5 wt% for neat PUL to 21.1 wt% for the pure NFDM, 

with the NFDM: PUL (50:50) blend 12.0 wt% indicated the influence of PUL in overall 

solution behavior which decreased the ce of the blend solution as the ce of pure PUL is 

lower than NFDM due to its less protein content. PUL increase the viscosity of NFDM in 

the blends of 0.1 Pa. s at the blend concentration of 15 wt% blend concentration compared 
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to the viscosity of pure 15 wt% NFDM, 0.01 Pa.s. Therefore, the addition of PUL enhanced 

chain entanglement needed for fiber formation. As mentioned before in Section of 2.3, 

enough viscosity is required to maintain the jet formation to elongate and stretch under an 

electric field for a successful fiber formation. This change of viscosity dependence was 

similar to that of a blend of pectin and PUL fibers (Liu et al., 2016) formed from the blend 

solution which had the ce of 4.3. PUL decreased the PEC viscosity as well as its ce from 

6.1 wt% to 4.3 wt%. In comparison with the ce of neat NFDM (21.1 wt%), the blends of 

NFDM: PUL entangled at relatively lower concentrations somewhere around 12 wt%, as 

shown in Figure 37.  

More importantly, the viscosities differ at higher concentrations and viscosity 

power-law behavior was affected by the addition of PUL. Table 12 summarizes the power 

law exponents and non-linear regression equations in the semidilute unentangled, 

semidilute entangled, and concentrated regimes as well as the ce for the two polymers and 

their blend in aqueous solutions. The concentration dependence of viscosity obtained for 

NFDM: PUL blend with a weight ratio of 50:50 were nsp~c1.18 for the semidilute 

unentangled region and nsp~c2.98 for the semidilute entangled region. These results showed 

that the incorporation of PUL to NFDM solution affected the nsp compared to the pure 

NFDM solutions at the semidilute unentangled as evident by the change in the slope from 

0.08 to 1.18. The power law exponent for the blend of NFDM and PUL was found to 1.18 

in the semidilute unentangled, which is in good agreement with theoretical prediction 

(ηsp∼c1.25) for neutral and linear polymers in a good solvent. However, the concentration 

dependence of the blend was found as 2.98 in the semidilute entangled region, which is a 

weaker dependence compared to the theoretical predictions of 4.8 for linear polymers in a 
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good solvents (Daoud and De Gennes, 1979), and some reported values for biopolymers 

(ƞsp∼c6.0) for chitosan in a mixture solvent of acetic acid- water (Klossner et al., 2008) and 

(ηsp∼c4.0) for pure PUL in aqueous solution (Kong and Ziegler, 2013). However, this 

concentration dependence is very close to such of the other random coil biopolymers, 

including dextran, alginate, lambda-carrageenan, and hyaluronate, (ηsp∼c3.3) (Morris et al., 

1981).  

 

 
Figure 37: The dependence of specific viscosity on the solution concentration. The black 
lines with the black scatters are neat PUL solutions with the concentration ranging from 1 
up to 16 wt%. The grey interpolated lines are neat NFDM solutions with the concentration 
from 1 to 45 wt%. The blue lines with the blue scatters are the blends of NFDM and 15 
wt% PUL solutions by keeping the PUL concentration constant and increasing the NFDM 
content, so that increasing the total solid concentration. Three SEM images show the 
electrospun structures; 15 wt% PUL-fibers with 301±26 nm, 15 wt% NFDM-no fiber and 
15 wt% NFDM: 15wt% PUL (50:50)-fibers with the diameter of 210±17 nm. 
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Table 12: The equations obtained by interpolating scattered data points from Figure 37. 
Concentration regimes were identified as the semidilute unentangled, semidilute entangled 
and concentrated regions obtained from Figure 37 for neat PUL, NFDM, and their blends. 
ce is entanglement concentration and ƞ0 is zero shear viscosity at the shear rate of 10 s-1.  

  PUL NFDM Blends with increasing 
NFDM content 

semidilute 
unentangled  

y=0.61x+0.72 
R2=0.96 

y=0.08x+0.66 
R2=0.74 y=1.18x+0.70 R2=0.93 

semidilute 
entangled  

y=2.85x-0.64 
R2=0.99 

y=1.00x-0.32 
R2=0.91 

y=2.98x-1.42 
R2=0.99 

concentrated 
regime  

y=4.76x-2.53 
R2=0.99 

y=11.34x-16.21 
R2=0.94 

NA 

ce 5.5 wt% 21.1 wt% 12.0 wt% 
ƞ0 (Pa. s) at 10 s-1 0.04 0.02 NA 

 

The dependence of the electrospun fiber diameter on h0 for NFDM blended with 

15 wt% PUL solutions is shown in Figure 38. Three different fiber morphologies were 

identified; polymer droplets, beaded nanofibers, and defect-free fibers based on the h0 of 

the solutions. The blend solutions with a h0 less than 0.02 Pa. s produced polymer droplets 

when electrospun, as the solutions with a h0 between 0.02 and 0.1 Pa. s produced 

electrospun fibers with beads, as shown in Figure 38. The fiber-forming solutions with a 

h0 greater than 0.1 Pa. s generated defect-free and fully-formed fibers. Moreover, the mean 

fiber diameter size was correlated with h0 by the relationship below 

Diameter	(nm) = 492	η33.;=                         Equation 7 

An increase in h0 indicated a larger number of polymer chain entanglement, leading 

to form thicker fully-formed electrospun fibers instead of producing beaded fibers. 
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Figure 38: The dependence of the average fiber diameter (nm) on the zero shear viscosity 
at the shear rate of 10 s-1. Three regions identified are polymer droplets, beaded nanofibers, 
and fibers. The SEM images show beaded nanofibers from the blends of 1 wt% NFDM 
and 15 wt% PUL and the fibers with the diameter of 217±25 nm from the blends of 30 wt% 
NFDM and 15 wt% PUL with a 50:50 mixing ratio. Blue circled area shows the beads with 
incipient fibers with the diameter less than 100 nm from neat PUL solutions at the 
concentrations of 5, 7 and 7.5 wt%. The linear line represents mean diameter trend from 
the blend solutions of NFDM: PUL by increasing NFDM content in the blends. 
 

Figure 39 shows that the solution of each NFDM: PUL blend concentration was 

normalized with its respective ce value to evaluate the dependence of fiber diameter on 

normalized solution concentration for the blend solution series. The electrospun NFDM: 

PUL fiber diameter scaled with the normalized concentration as 

Diameter	(nm) = 97.8	( 667)
8.?                                      Equation 8 

Where c is the polymer concentration in solution and ce is the entanglement 

concentration. As shown in Figure 39, the shaded region shows 2-2.5 times ce, which was 
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the minimum concentration required to electrospin fully-formed and defect-free fibers. 

This equation was estimated based on a single equation fitted to the plot of hsp versus 

concentration data for the semidilute entangled and the concentration regions to predict c~ 

hsp1.6 (R2=0.94). Then, this relationship was substituted into the Equation 7 obtained from 

the plot of average diameter versus h0, it was predicted as the diameter	(nm) = c8.@, 

which is identical to the equation obtained from Figure 39. However, the precision and 

sensitivity of these findings should be supported by further investigation in the future.  

The NFDM: PUL blend should require a concentration 1.6-2.3 times the ce for 

effective electrospinning and the formation of defect-free nanofibers, as shown in Figure 

39. This range is in good agreement with the reported prediction (2-2.5 times ce), as 

mentioned above. The results are consistent with the SEM micrographs of electrospun 

NFDM: PUL nanofibers for the required concentration to obtain smooth and full-formed 

fibers successfully, as shown in Figure 41.  

Figure 40 shows that the SEM micrographs of electrospun nanofibers from the 

blends of 15 wt% NFDM and 5, 11 and 15 wt% PUL solutions at various weight mixing 

ratios and average diameter size. With increasing NFDM content in the blends, the fibers 

structure becomes defected and less uniform. Since NFDM contains low proteins 

composed of casein and whey, it requires more solid content to form a solution with a 

sufficient viscosity. However, casein proteins exist in micellar structure with the size 

ranging from 20 to 300 nm (Oommen, 2004; Rebouillat and Ortega-requena, 2015), which 

causes the formation of defected and beaded fibers. Besides less protein content, the 

micellar structure of casein has a lower interaction with each other to favor the electrified 

jet to entangle and stretch during the electrospinning (Nieuwland et al., 2013). Therefore, 
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the more NFDM in the blends, the less uniform, smooth fibers are formed. 15 wt% NFDM 

blended with 15 wt% PUL with a weight ratio of 30:70 produced smoother, thinner fibers 

with the diameters of 205±18 nm compared to other blends, as shown in Figure 40f. This 

is because PUL dominated the solution characteristics such as excellent electrospinnability, 

high solubility, and ability to entangle, which favor the blended solution to produce 

smooth, defect-free fibrous mats as it is used more than NFDM. 

 
Figure 39: Dependence of fiber diameter on the normalized concentration for the solutions. 
The blue dashed region corresponds to the fully-formed NFDM: PUL blended fibers at the 
concentration of 1.6-2.3 times the ce and the shaded area represents 2.0-2.5 times the ce for 
the defect-free fiber formation from natural polymers (McKee et al., 2004). 
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Figure 40: SEM images of electrospun nanofibers from the blends of 15 wt% NFDM and 
5, 11 and 15 wt% PUL stock solutions at various weight mixing ratios and average diameter 
size: (a) 5 wt% PUL, beads with incipient fibers with 78±23 nm, (b) 11 wt% PUL, fibers 
with 160±26 nm, (c) 15 wt% PUL, fibers with 301±26 nm, (d) 15 wt% NFDM: 5 wt% PUL 
(30:70), beads with incipient fibers with 60±10 nm, (e) 15 wt% NFDM:11 wt% PUL 
(30:70), fibers with 127±16 nm, (f) 15 wt% NFDM: 15 wt% PUL (30:70), fibers with 
205±18 nm, (g) 15 wt% NFDM: 5 wt% PUL (50:50), defects with incipient fibers with 
78±17 nm, (h) 15 wt% NFDM: 11 wt% PUL (50:50), beaded fibers with 102±18 nm, (i) 
15 wt% NFDM:15 wt% PUL (50:50), defected fibers with 163±22 nm, (j) 15 wt% NFDM: 
5 wt% PUL (70:30), 87±20 nm, (k) 15 wt% NFDM: 11 wt% PUL (70:30), defected fibers 
with 88±20 nm, (l) 15 wt% NFDM: 15 wt% PUL (70:30), defects with incipient fibers with 
109±26 nm. The magnification is 25,000×. 
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Figure 41 shows SEM images of electrospun fibers from 1, 5, 9, 11, 15, and 30 wt% 

NFDM blended with 15 wt% PUL solution with a 50:50 mixing ratio. Table 12 illustrates 

that the ce for the PUL, NFDM and their blend solutions is 5.5, 21.1, and 12 wt%, 

respectively. The fiber morphology was dependent on the concentration regime from which 

the polymer solution was electrospun. As shown in Figure 41, polymer solutions 

electrospun from the blend solutions below the ce, 12 wt%, did not yield fibers, and only 

polymer droplets and beads with incipient fibers were observed. Since there is less or no 

entanglements between polymer chains in blends below ce, the jet could not withstand the 

force of the electric field and the surface tension, which result in jet breakups into droplets. 

When the concentration was close to the ce (12 wt%), the beads with incipient fibers were 

observed. As the concentration was raised beyond ce, beaded electrospun fibers were 

produced with an average fiber diameter of 102 nm (Figure 41). For the 15 wt% blend 

solution, discontinuous nanofibers with defects were generated with an average diameter 

of 163 nm, whereas more uniform, defect-free nanofibers with the diameter of 212 nm were 

produced from the blend solution at the concentration of 22.5 wt%, as shown in Figure 41. 

The change through the formation of fibers is from spherical beads to elongated bead from 

1 up to 11 wt% NFDM blended with 15 wt% PUL. This was reported in the literature that 

above ce the degree of chain overlap increases leading to chain constraint and 

entanglements couplings (McKee et al., 2004). Figure 41 shows that 22 wt% total solids 

concentration of the blended solution formed uniform, defect-free fibers with a mean 

diameter of 212 nm.  
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Figure 41: SEM images of electrospun nanofibers from the blends of 1, 5, 9, 11, 15 and 30 
wt% NFDM and 15 wt% PUL solutions with a 50:50 weight mixing ratio and the 
distribution of fiber diameter size: 1 wt% NFDM: 15 wt% PUL, beads with incipient fibers; 
5 wt% NFDM: 15 wt% PUL, defected fibers with 78±17 nm; 9 wt% NFDM: 15 wt% PUL, 
defected fibers with 88±26 nm; 11 wt% NFDM: 15 wt% PUL, beaded fibers with 102±18 
nm; 15 wt% NFDM: 15 wt% PUL, defected fibers with 163±22 nm; 30 wt% NFDM: 15 
wt% PUL, fibers with 212±25 nm. The magnification is 25,000×. 
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Figure 42 shows FTIR analysis of the PUL powder and fibers, NFDM powder, and 

NFDM: PUL fibers conducted to confirm that both the PUL and NFDM are present in the 

blend fibrous mats as well as obtaining some information related to the structure of the 

protein-polysaccharide complexes in the fibers. Spectrum for the NFDM: PUL blend fiber 

mats showed new bands at approximately 1648 cm-1 and 1544 cm-1, compared to the PUL 

powder and fiber spectrums. Peaks 992 and 1015 cm-1 in PUL associated with C-OH 

bending vibrations at the C-6 positions which are attributed to the strength of the interchain 

interactions via hydrogen bonding. Both the decreased intensity of peak 992 cm-1 and the 

increased intensity of peak 1015 cm-1 may be an indication for an increase in the interchain 

associations of PUL molecules in both PUL and its blend with NFDM fibers. Two 

prominent features for protein’s FTIR are Amide I band (1638 cm-1) and Amide II (1537 

cm-1) were observed in NFDM powder sample, as shown in Figure 42. Amide I band is 

primarily attributed to C=O stretching vibration and Amide II band from the N-H bending 

and C-N stretching vibrations of peptide backbone (Haris and Severcan, 1999). Due to the 

shift in Amide I band in NFDM: PUL fibers to 1648 cm-1, it indicated that the proteins in 

NFDM became unordered structure in the presence of PUL compared to proteins in NFDM 

powder with β-sheet structures, which is consistent the reported literature that Amide I 

band positions around 1633 cm-1 corresponding to the absorption of intramolecular β-sheet 

structures (Barth, 2007). Amide II band in NFDM powder shifted from 1536 to 1544 cm-

1 when it blended with PUL. The shift of Amide II band toward higher wavenumbers may 

indicate that strong interactions occur between the hydroxyl groups of PUL and the amino 

groups of proteins in NFDM (Aceituno-Medina et al., 2013; Wu et al., 2013), which 

promotes electrospun fiber formation. 
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Figure 42: FTIR-ATR spectra of PUL powder and fibers, NFDM powder, and NFDM: 
PUL fibers from top to bottom, respectively.  

 
Overall, the SEM images showed that PUL exerted a positive effective role in 

changing the morphology of the blended nanofibers towards a more uniform, continuous 

fiber formation as it is higher that NFDM content in the blended solution. It is strongly 

linked to the changes in the viscosity of the mixture solution due to the addition of PUL, 

which increases the viscosity to enable the molecular entanglement and fiber formation.  

6.5 Electrospinning of CaCAS and NaCAS with PUL blends  

6.5.1 Electrospinning of CaCAS blended with PUL  

In preliminary results, after preparing CaCAS: PUL blend solutions, they were 

refrigerated at 4 °C overnight to remove bubbles and detect phase separation. Results 

indicated that the blend solutions were properly mixed, and highly stable with time; 
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however, some precipitation of CaCAS dispersion was observed, which is also reported 

that increasing concentration reduced the solubility (Swaisgood, 1993; Pitskowski et al., 

2008).  

To understand the effect of PUL in electrospinning CaCAS, the dependence of 

shear viscosity on the shear rate of aqueous CaCAS solutions at a range of concentrations 

from 1 to 20 wt% blended with 15 wt% PUL with a 50:50 weight mixing ratio were 

evaluated, as shown in Figure 43. Neat protein content in blend solutions increases 0.45 up 

to 9.00 % because CaCAS contains approximately 90 % protein reported by the 

manufacturer mentioned in Section 5.3.1. It was observed that mixing CaCAS solutions 

with PUL decreased the neat PUL viscosity at a higher concentration of CaCAS (15 wt%) 

from 0.9 (in Table 6) to 0.2 Pa. s as it was blended with 15 wt% PUL with a 50:50 weight 

ratio.  

All blend solutions showed Newtonian behavior, and/or a weak shear thinning 

behavior and their viscosities increased from 0.06 to 0.30 Pa. s due to the increase in 

CaCAS concentration from 0.5 to 10.0 wt% in the blends, as shown in Figure 43. With 

increasing CaCAS in the presence of PUL, a sufficient viscosity (~ 0.1 Pa. s) and weak 

shear thinning behavior were met to produce continuous, smooth fibers, as shown in Figure 

48. This result is in a good agreement with the reported results of polysaccharides having 

a minimum viscosity of 1 Pa. s and weak shear thinning behavior at the shear rates lower 

than 1000 s-1. (Stijnman et al., 2011).  

PUL, with repeating units of three glucose units connected by α-1,4 glycosidic 

bonded maltotriose that is linked via an α-1,6 glycosidic linkage, can interact with CaCAS 

by disrupting the self-association of hydrophobic groups of caseinates via cation ion, Ca+2, 
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and then forming hydrophobic interactions and/or ionic bonds (Kruif and Tuinier, 2001; 

McClements, 2006; Gounga et al., 2007; Aceituno-Medina et al., 2013). This may increase 

the flexibility of protein chains, turn CaCAS solution into more like a Newtonian fluid, and 

promote the entanglements of protein chains, which make the electrospinning of CaCAS 

possible. As shown before in Figure 21, a strong shear dependence of viscosity was 

observed within a wide range of shear rates (0.01-1000 s-1) in aqueous neat CaCAS 

solutions. However, when PUL was incorporated with CaCAS solution, a typical 

Newtonian liquid behavior was observed over the same range of shear rates in aqueous 

CaCAS: PUL blend system, as shown in Figure 43. This change can also be explained in 

terms of the enhanced entanglement networks, which may be disturbed at higher shear 

rates.  
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Figure 43: The dependence of shear viscosity on the shear rate of CaCAS solutions at 
various concentrations blended with 15 wt% PUL with a 50:50 weight mixing ratio. The 
concentrations of CaCAS solutions range from 1 to 20 wt%. Neat protein content in blend 
solutions increases 0.45 to 9.0 % because CaCAS is composed of 90 % protein.  

 
Table 13 summarizes the concentration of CaCAS and PUL solutions and their 

blends with a 50:50 weight mixing ratio and their zero shear viscosity at the shear rate of 

10 s-1, which is used to calculate specific viscosity by using Equation 4. The ƞ0 increased 

with increasing CaCAS content in the mixed solutions from 0.059 to 0.302 Pa. s at the 

shear rate of 10 s-1. It is difficult to measure the viscosity at 20 °C beyond 10 wt% CaCAS 

in the blend solution because the solution became viscous with increasing protein 

concentrations (McMahon and Oommen, 2013). 
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Table 13: Concentration of neat CaCAS and PUL solutions and their blends with a 50:50 
weight mixing ratio and their zero shear viscosity at the shear rate of 10 s-1. 

 

With the addition of PUL to improve the electrospinnability of CaCAS, Figure 44 

shows the concentration dependence of viscosity for aqueous CaCAS blended with 15 wt% 

PUL with a 50:50 ratio solution. The blue lines with blue scatter data are the blend of 

CaCAS and PUL solutions by keeping PUL concentration constant, 15 wt%, and increasing 

CaCAS content in the blends, so that increasing the total solid concentration. Three SEM 

images of the electrospun structures are shown in Figure 44; PUL fibers with a diameter of 

301±26 nm, CaCAS powders and/or pieces and CaCAS: PUL blend fibers with a diameter 

of 217±15 nm. The ce of the CaCAS: PUL (50:50) blend was determined to be 7.0 wt%, is 

higher than the ce of pure PUL (5.5 wt%) and lower than the pure CaCAS solutions (9.0 

wt%). This indicated the influence of PUL in overall solution behavior which decreased 

the ce of the aqueous CaCAS solution and the slopes in the concentrated regime which is 

concentrations above c** of CaCAS solution from 7.48 to 2.67, which shows a similarity 

with the theoretical predictions (i.e., ƞsp~c3.7) for neutral and linear polymers in good 

solvents (Daoud and De Gennes, 1979; Colby et al., 1991). However, a much weaker 

concentration dependence was observed in the semidilute entangled region for the CaCAS: 

Concentration 
of CaCAS 

(wt%) 

Concentration 
of PUL (wt%) 

Mixing weight 
ratio 

Total blend 
concentration 

(wt%) 

ƞ0 at shear rate 

of 10 s
-1 

(Pa. s) 

0 15 50:50 7.5 0.047 
1 15 50:50 8.0 0.059 
5 15 50:50 10.0 0.081 
9 15 50:50 12.0 0.108 
11 15 50:50 13.0 0.137 
15 15 50:50 15.0 0.183 
20 15 50:50 17.5 0.302 
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PUL blend (ƞsp~c1.63), which was attributed to the colloidal structure of casein formed via 

calcium bridging in the presence of calcium ions (McMahon and Oommen, 2013).  

 
Figure 44: The dependence of specific viscosity on the solution concentration. The black 
lines with black scatters are neat PUL solutions with the concentration ranging from 1 up 
to 16 wt%. The grey interpolated lines are neat CaCAS solutions in the concentration range 
from 1 to 20 wt%. The blue lines with blue scatters are the blends of CaCAS and 15 wt% 
PUL solutions by keeping the PUL concentration constant and increasing the CaCAS 
content, so that increasing the total solid concentration. Three SEM images show the 
electrospun structures; 15 wt% PUL-fibers with 301±26 nm, 15 wt% CaCAS-no fiber and 
15 wt% CaCAS: 15 wt% PUL (50:50)-fibers with the diameter of 217±15 nm from left to 
right. 

 
Table 14 summarizes the power law exponents and non-linear regression equations 

in the semidilute unentangled, semidilute entangled, concentrated regimes, and ce for the 

two polymers and their blend in aqueous solutions. The concentration dependence of 

specific viscosity obtained for CaCAS: PUL blend (50:50) were nsp~c1.63 for the semidilute 

entangled region and nsp~c2.67 for the concentrated regime.  

The small exponent suggests that the caseinate molecules seemed to entangle but 

did not interact strongly in the semidilute unentangled regime. The formation of subunits 

of CaCAS could also cause to the weak dependence of specific viscosity on concentration. 
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As calcium increases in the solution with an increase in the addition of CaCAS, numerous 

calcium bridges occurred leads to form subunit structures in caseinate dispersions 

(McMahon et al., 2009). Calcium ions made the proteins held in close proximity, leading 

hydrophobically linked protein molecules with their polar groups on the surface on the 

casein supramolecular structure (Hokes et al., 1982).  

In the semidilute entangled regime for this binary mixture, we observed that the 

concentration dependence of specific viscosity ranged from 1.63 to 2.67, which is lower 

than the theoretical scaling law exponent of 4.8 for linear polymers in a good solvents 

(Daoud and De Gennes, 1979), and some reported values for biopolymers (ηsp∼c6.0) for 

chitosan in a mixture solvent of acetic acid- water (Klossner et al., 2008) and (ηsp∼c4.0) for 

pure PUL in aqueous solution (Kong and Ziegler 2013). However, this concentration 

dependence is very close to such of the other random coil biopolymers, including dextran, 

alginate, lambda-carrageenan, and hyaluronate, (ηsp∼c3.3) (Morris et al., 1981).  

 
Table 14: The equations were obtained by interpolating scattered data points from Figure 
44. Concentration regimes identified as semidilute unentangled, semidilute entangled and 
concentrated regions obtained from Figure 44 for neat PUL, CaCAS, and their blends. ce is 
entanglement concentration and ƞ0 is zero shear viscosity at the shear rate of 10 s-1.  

 PUL CaCAS Blends with increasing 
CaCAS content 

semidilute 
unentangled 

y=0.61x+0.72 
R2=0.96 

y=0.16x+0.66 
R2=0.99 

NA 

semidilute 
entangled 

y=2.85x-0.64 
R2=0.99 

y=1.40x-0.18 
R2=0.93 y=1.63x+0.28 R2=0.99 

concentrated 
regime 

y=4.76x-2.50 
R2=0.99 

y=7.48x-6.29 
R2=0.96 y=2.67x-0.86 R2=0.99 

ce 5.5 wt% 9 wt% 7 wt% 
ƞ0 at the shear 

rate of 10 s-1 
0.04 0.02 NA 
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The dependence of the electrospun fiber diameter on h0 for CaCAS: PUL blend 

solutions by keeping PUL content constant, 7.5 wt% in the blends, is shown in Figure 45. 

Three different fiber morphologies were identified; polymer droplets, beaded nanofibers, 

and defect-free fibers based on the h0 of the blend solutions. The solutions with a h0 less 

than 0.02 Pa. s produced polymer droplets when electrospun, as the solutions with h0 

ranged between 0.02 and 0.07 Pa. s produced electrospun fibers with beads, as shown in 

the fiber image embedded in Figure 45. Even though viscosity is low, 0.059 Pa. s, for the 

blend 1 wt% CaCAS and 15 wt% PUL with a 50:50 weight mixing ratio, this blend 

produced beaded fibers with diameters of 91±15 nm. This was attributed to the PUL 

content in the mixture which is 7.5 wt% higher than the ce (5.5 wt%) of PUL, which refers 

to the onset concentration of molecular entanglements (Kong and Ziegler, 2013; Tomasula 

et al., 2015; Liu et al., 2016). The fiber-forming solutions with a h0 greater than 0.07 Pa. s 

generated defect-free and smooth fibers and the diameter size was correlated with h0 by 

the relationship below 

Diameter	(nm) = 920	η33.;@                                 Equation 9 

As increasing CaCAS content in blends resulting higher viscosity, a thicker and 

more uniform nanofiber with a diameter of 233 nm was formed, as shown in Figure 45. 

However, a further increase made the fiber structure formed with defects, as well as 

hindering the electrospinning process of the viscous solution because the metallic needle 

has a small diameter of 1 mm which can be blocked by the viscous solution. As the external 
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voltage increases, the distortion of the accumulated gel-like solution at the tip of the needle 

was seen during the processing. 

 
Figure 45: The dependence of the average fiber diameter (nm) on the zero shear viscosity 
at the shear rate of 10 s-1. Three regions identified are polymer droplets, beaded nanofibers, 
and defect-free nanofibers. The SEM images show beaded nanofibers with the diameter of 
91±15 nm from the blends of 1 wt% CaCAS and 15 wt% PUL and defect-free nanofibers 
with the diameter of 233±20 nm from the blends of 15 wt% CaCAS and 15 wt% PUL with 
a 50:50 mixing ratio. Blue circled area shows the beaded nanofibers with incipient fibers 
with the diameter less than 100 nm from neat PUL solutions at the concentrations of 5, 7 
and 7.5 wt%. The linear line represents mean diameter trend from the blend solutions of 
CaCAS and PUL by increasing CaCAS content in the blends, diameter (nm) = 920ƞ00.75 
and R2= 0.80. 

 

Figure 46 shows that the solution of each CaCAS: PUL blend concentration were 

normalized with its respective ce (7.0 wt%) to evaluate the dependence of fiber diameter 

on normalized solution concentration for the binary mixture series. The blend fiber 

diameter scaled with the normalized concentration as 

Diameter	(nm) = 88.0	( 667)
8.@                               Equation 10 
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where c is the polymer concentration in solution and ce is the entanglement 

concentration. As shown in Figure 46, the shaded region shows 2-2.5 times ce, which is the 

minimum concentration required for the production of uniform, bead-free electrospun 

fibers (McKee et al., 2004; Klossner et al., 2008). This equation was estimated based on a 

single equation fitted to the plot of hsp versus concentration data for the semidilute 

entangled and the concentration regions, predicting c~hsp2.0 (R2=0.98). Then, this 

relationship was substituted into the Equation 9 obtained from the plot of average diameter 

versus h0, it was predicted as diameter	(nm)~c8.@, which is identical to the equation 

obtained from Figure 46. The CaCAS: PUL blend should be at the concentration 1.3-2.5 

times the entanglement concentration for effective electrospinning and the formation of 

defect-free nanofibers, as shown in Figure 46. This range is wider than the reported 

prediction (2-2.5 times ce), as mentioned above. The results are consistent with the SEM 

micrographs of electrospun CaCAS: PUL nanofibers for the required concentration to 

obtain smooth and fully-formed fibers successfully, as shown in Figure 48.  
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Figure 46: Dependence of fiber diameter on the normalized concentration for CaCAS: PUL 
blend solutions. The blue dashed region corresponds to the fully-formed fibers obtained 
from the blended solutions at the concentration of 1.3-2.5 times the ce and the grey shaded 
area represents 2.0-2.5 times the ce for the defect-free fiber formation from natural 
polymers (McKee et al., 2004). 
 

Figure 47 shows the SEM images of electrospun nanofibers obtained from 15 wt% 

CaCAS blended with 5, 11, and 15 wt% PUL with weight mixing ratios of 0:100, 30:70, 

50: 50, and 70:30. When CaCAS is combined with 5 wt% PUL, fibers obtained at all 

caseinate to PUL ratios were beaded and defected (Figures 47a, d, g, and j), and defected 

fibers become increased with increasing CaCAS content. However, when CaCAS is 

combined with PUL at the concentrations of 11 and 15 wt%., bead-free fibers were 

obtained at the ratios of 30 % (Figures 47e and f) and 50 % (Figures 47h and r), 

respectively. When 15 wt% CaCAS is mixed with 5, 11, and 15 wt% PUL with a 30:70 
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weight mixing ratio, the diameter of electrospun nanofibers increased from 82 to 242 nm 

with the increasing of PUL content in the blends, as shown in Figures 47d, e, and f. As 

PUL concentration increased in the solution responds to form a thicker fiber, which is 

consistent with the reported data (Kong and Ziegler 2014; Tomasula et al., 2016; Liu et al., 

2016; Li et al., 2017). CaCAS content was increased from 30 % to 50% in the blends, and 

uniform, defect-free fibers with the diameters ranged from 116 to 217 nm were obtained. 

However, a further increase in CaCAS content caused the formation of the fibers with many 

defects, as shown in Figures 47j, 47k, and 47l. This is because CaCAS dominated the 

solution characteristics due to its complex structure via calcium bridges led the self-

association of hydrophobic groups causing the lack of molecular interactions and protein 

chain entanglements. As increasing PUL content, PUL dominates the solution 

characteristics such as excellent electrospinnability, high solubility and ability to entangle, 

which favor the blended solution to produce smooth, well-formed fibrous mats.  
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Figure 47: SEM images of electrospun nanofibers from the blends of 15 wt% CaCAS and 
5, 11 and 15 wt% PUL solutions at various weight mixing ratios and the distribution of 
fiber diameter size: (a) 5 wt% PUL, beads with incipient fibers with 78±23 nm, (b) 11 wt% 
PUL, fibers with 160±26 nm, (c) 15 wt% PUL, fibers with 301±26 nm, (d) 15 wt% CaCAS: 
5 wt% PUL (30:70), defected fibers with 82±15 nm (e) 15 wt% CaCAS: 11 wt% PUL 
(30:70), fibers with 240±17 nm, (f) 15 wt% CaCAS: 15 wt% PUL (30:70), fibers with 
242±23 nm, (g) 15 wt% CaCAS: 5 wt% PUL (50:50), defects with incipient fibers with 
116±17 nm, (h) 15 wt% CaCAS: 11 wt% PUL (50:50), fibers with 141±17 nm, (i) 15 wt% 
CaCAS: 15 wt% PUL (50:50), fibers with 217±15 nm, (j) 15 wt% CaCAS: 5 wt% PUL 
(70:30), defects with incipient fibers with 117±17 nm, (k) 15 wt% CaCAS: 11 wt% PUL 
(70:30), defected fibers with 175±18 nm, (l) 15 wt% CaCAS: 15 wt% PUL (70:30), 
defected fibers with 217±21 nm.  
 

Figure 48 shows SEM images of electrospun fibers from 1, 5, 9, 11, 15, and 20 wt% 

CaCAS blended with 15 wt% PUL solution with a 50:50 mixing ratio. In this series of 
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experiments, CaCAS: PUL ratio was kept at 50:50 and PUL content was kept at 7.5 wt%. 

The overall solids concentrations of the blended solutions were changed from 8.0 to 17.5 

wt% as increasing in CaCAS content from 0.5 to 10 wt%, as shown in Figure 48. The fibers 

and the spindle-like structure were observed at a low concentration of CaCAS (1 wt%) 

(Figure 48a) and the shape of the beaded fibers changes from the spherical to spindle-like 

as the CaCAS concentration is above 0.5 wt% (Figure 48b). Above the ce of CaCAS: PUL 

blends (7 wt%), the fibers with beads were observed at the blend concentration of 8 wt%, 

as shown in Figure 48. To obtain a smooth nanofiber from CaCAS: PUL blends, the 

concentration was found to be 1.3 -2.5 times the ce, as shown in Figure 46. This is in a good 

agreement with the results for the concentration dependence of viscosity as well, as shown 

before in Figure 44. At higher solid concentrations of the blended solutions from 9 to 15 

wt%, smooth fibers were formed. At further concentration (17.5 wt%), the fibers became 

thicker and its process was difficult due to the high viscosity of the solution. As seen in 

Table 13, the solution viscosity increases from 0.05 to 0.30 Pa. s as the concentration of 

CaCAS: PUL blended solution increases. It is noted that the fiber diameter increases from 

91 to 291 nm with increasing neat protein content in the blends from 0.5 to 10 wt%.  
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Figure 48: SEM images of electrospun nanofibers from the blends of 1, 5, 9, 11, 15 and 20 
wt% CaCAS and 15 wt% PUL solutions with a 50:50 weight mixing ratio and the average 
of fiber diameter size: (a) 1 wt% CaCAS: 15 wt% PUL, beaded fibers with 91±15 nm, (b) 
5 wt% CaCAS: 15 wt% PUL, fibers with 145±25 nm, (c) 9 wt% CaCAS: 15 wt% PUL, 
fibers with 255±26 nm, (d) 11 wt% CaCAS: 15 wt% PUL, fibers with 264±19 nm, (e) 15 
wt% CaCAS: 15 wt% PUL, fibers with 233±20 nm and (f) 20 wt% CaCAS: 15 wt% PUL, 
defected fibers with 291±23 nm. The magnification is 25,000×. 

a b

c d

e f



143 
 

 

6.5.2 Electrospinning of NaCAS blended with PUL 

Preliminary results indicated that NaCAS protein and PUL polysaccharide blend 

solutions were properly mixed, translucent, and stable with time. After preparing NaCAS: 

PUL blend solutions, they were refrigerated at 4 °C overnight to remove bubbles and detect 

phase separation. The blend solution was visually translucent and there was no phase 

separation was detected. This might show that NaCAS form a soluble complex with PUL 

polysaccharide through the interactions between hydroxyl groups from polysaccharides 

and amino groups from proteins including hydrophobic interactions and/or ionic bonds 

(McClements, 2006; Gounga et al., 2007). 

Figure 49 shows the dependence of shear viscosity on the shear rate of aqueous 

NaCAS solutions blended with 15 wt% PUL with a weight ratio of 50:50. The 

concentration of NaCAS ranged from 0.5 to 10 wt% in the blends and protein content in 

the solutions increased from 0.5 to approximately 10 wt%. The shear rate was employed 

from 0.01 to 1000 s-1 performed on the concentrations of solutions ranging from 8.0 to 17.5 

wt% at 20 ºC. They showed Newtonian behavior at the concentrations (the total solids) 

ranging from 8 to 15 wt% and their zero shear viscosities increased from 0.05 to 0.19 Pa. 

s which is less than the viscosities of neat NaCAS and PUL solutions over the same range 

of concentrations. For example, the viscosity of neat NaCAS at the concentration of 15 

wt% was 1.994 Pa. s at the shear rate of 100 s-1, as shown in Table 9, whereas it was 0.885 

Pa. s over the same range of the shear rate for pure 15 wt% PUL solution, as shown in 

Table 6. During the production of NaCAS from acid casein, the proteins remain as strands 

and small agglomerates of proteins in the absence of calcium (Oommen, 2004; McMahon 

and Oommen, 2013). Therefore, self-assembly of casein in NaCAS solutions would 
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attribute to produce linear polymeric rods and weakly branched chains, which might cause 

the formation of jamming proteins at higher concentrations. Compared to the NaCAS: PUL 

blended solution, neat NaCAS solution showed a higher concentration dependence of the 

solution viscosity, which caused a quick solidification of the viscous solution at the tip of 

the needle, blocking the flow of the solution during the electrospinning of neat NaCAS 

solution.  

PUL enabled the NaCAS to entangle to form more uniform electrospun nanofibers 

than its blends with CaCAS. In the absence of Ca2+ ions, NaCAS attributes as strands or 

short chains which favor the blends solution to have polysaccharide-protein complex with 

translucent appearance (McMahon and Oommen, 2013) that PUL can form a strong 

interaction between its hydroxyl groups and the amino groups from the caseinate proteins 

Kruif and Tuinier, 2001; Aceituno-Medina et al., 2013), which could promote chain 

entanglements to retain jet stability under the electric field. This could also explain more 

uniform, bead-free nanofibers from NaCAS: PUL blended compared to CaCAS: PUL 

blended fibers. 
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Figure 49: The dependence of shear viscosity on the shear rate of NaCAS solutions at 
various concentrations blended with 15 wt% PUL with a 50:50 weight mixing ratio. The 
concentrations of NaCAS solutions range from 1 to 20 wt%. Neat protein content in blend 
solutions increases 0 to 9.0 % because NaCAS is composed of 90 % protein.  

 
Table 15 summarizes the concentration of NaCAS and PUL solutions and their 

blends with a 50:50 weight mixing ratio and their zero shear viscosity at the shear rate of 

10 s-1, which is used to calculate specific viscosity by using Equation 4. The ƞ0 increased 

with increasing NaCAS content ranging from 0.5 to 10 wt% in the mixture solutions from 

0.06 to 0.480 Pa. s at the shear rate 10 s-1. The viscosity of NaCAS: PUL at a higher 

concentration (15 wt%) values were a little bit higher than aqueous CaCAS: PUL system. 

This could be attributed to the molecular differences between CaCAS existed in colloidal 
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particles via self-association of hydrophobic groups and NaCAS composed of the short 

chains and weak branch structure (McMahon and Oommen, 2013; Crowley et al., 2016).  

 
Table 15: Concentration of neat NaCAS and PUL solutions and their blends with a 50:50 
weight mixing ratio and their zero shear viscosity at the shear rate of 10 s-1. 

Concentration 
of NaCAS 

(wt%) 

Concentration 
of PUL (wt%) 

Weight 
mixing ratio 

Total solid 
concentration 

(wt%) 

ƞ0 at shear rate 

of 10 s
-1  

0 15 50:50 7.5 0.046 
1 15 50:50 8.0 0.060 
5 15 50:50 10.0 0.080 
9 15 50:50 12.0 0.106 
11 15 50:50 13.0 0.129 
15 15 50:50 15.0 0.193 
20 15 50:50 17.5 0.480 

 
 

Figure 50 shows the concentration dependence of ƞsp of aqueous NaCAS, PUL, and 

their blends with a 50:50 mixing ratio. The blue lines with blue scatter data represent the 

NaCAS: PUL blend solutions by keeping PUL concentration constant, 15 wt%, and 

increasing NaCAS content in the blends, and thus the total solid concentration and 

viscosity.  

In aqueous dispersion of neat NaCAS, PUL, and their blends, the ce was observed 

8, 5.5, and 7.0 wt%, respectively, as shown in Figure 50 and Table 16. Also, three SEM 

images of the electrospun structures are shown in Figure 50; PUL fibers from 15 wt% 

solution with a diameter of 301±26 nm, NaCAS powders and/or pieces, and NaCAS: PUL 

blend fibers with the diameter of 215±22 nm. In the semidilute unentangled regime, the ƞsp 

of NaCAS was proportional to c0.19, which is lower than the reported values (ƞsp~c1.4) for 

random coil polysaccharides including dextran, locust bean gum, guar gum, and 
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hyaluronate in dilute solutions (Morris et al., 1981) and theoretical predictions (ƞsp~c1.25) 

for neutral, linear polymers in the semidilute unentangled regime in a good solvent (Daoud 

and De Gennes, 1979).  

The influence of PUL in overall solution behavior was to decrease the ce of the 

aqueous NaCAS (8 wt%) to 7.0 wt% for its blend and decrease the concentration 

dependence of specific viscosity for pure NaCAS solution from 1.86 to 1.56 in the 

semidilute entangled regime (c>ce) and 8.72 to 3.98 in the concentrated regime (c>c**). 

The ƞsp of blend in the concentrated regime (c> c**) was proportional to 3.98, which is 

close to theoretically predicted values for random-coil polysaccharides 3.3 (Morris et al., 

1981), random coil polymers, 3.4 (Wool, 1993), neutral and linear polymers in good 

solvents, 3.7 (Daoud and De Gennes, 1979; Colby et al., 1991; McKee et al., 2004).  

With increasing NaCAS content in the physical mixture of NaCAS and PUL 

polymers, the extent of chain entanglement of overlapping coils would be expected to 

increase with increasing concentration which is in effect raising the average molecular 

weight by mixing two polymers, and thus the concentration dependence of viscosity.  

Table 16 summarizes the power law exponents and non-linear regression equations 

in the semidilute unentangled, semidilute entangled, and concentrated regimes and ce for 

the aqueous NaCAS, PUL, and their mixture solution. The concentration dependence of 

specific viscosity obtained for NaCAS: PUL blend (50:50) were hsp~c1.56 for the semidilute 

entangled region and nsp~c3.98 for the concentrated regime. The result showed that the 

incorporation of PUL to NaCAS solution affected the nsp compared to the pure NaCAS 

solutions in the semidilute entangled and concentrated regimes by the change in the 

dependence from 1.82 to 1.56 and from 8.72 to 3.98, respectively.  
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Figure 50: The dependence of specific viscosity on the solution concentration. The black 
lines with black scatters are neat PUL solutions at the concentration ranging from 1 up to 
16 wt%. The grey interpolated lines are neat NaCAS solutions with the concentration from 
1 to 20 wt%. The blue lines with blue scatter data are the blend of NaCAS and 15 wt% 
PUL solutions by keeping the PUL concentration constant and increasing the NaCAS 
content, so that increasing the total solids concentration. Three SEM images show the 
electrospun structures; 15 wt% PUL-fibers with 301±26 nm, 15 wt% NaCAS-no fiber and 
15 wt% NaCAS: 15 wt% PUL (50:50)-fibers with the diameter of 215±22 nm.  
 

The concentration dependence of viscosity obtained for NaCAS: PUL blend 

(50:50) were nsp~c1.56 for the semidilute entangled region and nsp~c3.98 for the concentrated 

regime, which is close to the theoretically predicted results of c3.4 for linear synthetic 

polymers (Wool, 1993), reported values of c3.3 for the other random coil polysaccharides 

(Morris et al., 1981), and (ηsp∼c4.0) for pure PUL in aqueous solution (Kong and Ziegler, 

2013). The exponent, the slope of 1.82 for neat NaCAS, suggests that the caseinate 

molecules seemed to entangle but did not interact strongly in the semidilute entangled 

regime. This is due to the dissolution of NaCAS in water that possesses short protein 

strands and small agglomerates of protein, which restricts the molecular chain 

entanglement and fiber formation (McMahon et al., 2009; Tomasula et al., 2016).  
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Table 16: The equations were obtained by interpolating scattered data points from Figure 
50. Concentration regimes were identified as the semidilute unentangled, semidilute 
entangled and concentrated regions obtained from Figure 50 for neat PUL, NaCAS, and 
their blends. ce is entanglement concentration and ƞ0 is zero shear viscosity at the shear rate 
of 10 s-1.  

  PUL NaCAS 
Blends with 

increasing NaCAS 
content 

semidilute 
unentangled  

y=0.61x+0.72 
R2=0.96 

y=0.19x+0.67 
R2=0.96 

NA 

semidilute 
entangled  

y=2.85x-0.64 
R2=0.99 

y=1.82x-0.38 
R2=0.95 

y=1.56x+0.34  
R2=0.99 

concentrated  
regime  

y=4.76x-2.50 
R2=0.99 

y=8.72x-7.06 
R2=0.96 

y=3.98x-2.32  
R2=0.96 

ce 5.5 wt% 8 wt% 7 wt% 
ƞ0 0.04 0.02 NA 

 

Figure 51 shows the dependence of electrospun ultrafine fiber diameter on h0 for 

NaCAS: PUL blend solutions. Three different fiber morphologies were identified; polymer 

droplets, beaded nanofibers, and defect-free fibers based on the h0 of the blend solutions. 

The diameter dependence followed a similar trend as CaCAS: PUL blend solutions. The 

solutions with a h0 less than 0.02 Pa. s produced polymer droplets when electrospun, as the 

solutions with h0 ranged between 0.02 and 0.07 Pa.s produced electrospun fibers with 

beads, as shown in the fiber image embedded in Figure 51. Even though viscosity is low, 

0.06 Pa.s, for the blend 1 wt% NaCAS and 15 wt% PUL with a 50:50 mixing, it produced 

beaded fibers with diameters of 107±20 nm, as shown in Figure 51. This was attributed to 

the PUL content in the mixture which is 7.5 wt% higher than the ce (5.5 wt%) of PUL, 

which refers to the onset concentration of molecular entanglements (Kong and Ziegler, 

2013; Tomasula et al., 2015; Liu et al., 2016). The fiber-forming solutions with a h0 greater 
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than 0.07 Pa. s generated uniform, bead-free fibers. Moreover, the mean fiber diameter size 

was correlated with the h0 by the relationship below 

Diameter	(nm) = 571	η33.@9                                Equation 11 

As increasing NaCAS content in the blends results a higher viscosity, and a thicker, 

more uniform nanofiber with a diameter of 244 nm was formed, as shown in the image in 

Figure 51. However, a further increase made the fiber structure formed with defects, as 

well as hindering the electrospinning process of the viscous solution because the metallic 

needle has a small diameter of 1 mm which can be blocked by the viscous solution. As the 

external voltage increases to initiate the electrospinning of the viscous solution, the 

solidification of the solution at the tip of the needle was observed during the processing. 

Compared to the blens of CaCAS: PUL, the NaCAS: PUL mixture produced more uniform, 

defect-free nanofibers. Due to the occurrence of the short protein strands and small 

agglomerates of the NaCAS protein in the aqueous solution (McMahon and Oommen, 

2013), PUL can disperse easily and interact with these protein strands via the formation of 

hydrophobic interactions and/or ionic bonds (McClements, 2006; Gounga et al., 2007). 

However, it is probably too difficult for PUL to interfere with the numerous Ca bridges 

formed between the phosphoserine groups in CaCAS, which restrict the occurrence of the 

strong chain entanglements in CaCAS: PUL blended solutions (Tomasula et al., 2016), 

which might result less uniform fiber formation than such of the NaCAS: PUL blends. 
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Figure 51: The dependence of the average fiber diameter (nm) on the zero shear viscosity 
at the shear rate of 10 s-1. Three regions identified are polymer droplets, beaded nanofibers, 
and defect-free nanofibers. The SEM images show beaded nanofibers with a diameter of 
107±20 nm from the blends of 1 wt% NaCAS and 15 wt% PUL and defect-free nanofibers 
with a diameter of 244±21 nm from the blends of 15 wt% NaCAS and 15 wt% PUL with 
a 50:50 mixing ratio. Blue rectangle shows the beads with incipient fibers with the diameter 
less than 100 nm from neat PUL solutions at the concentrations of 5, 7 and 7.5 wt%. Linear 
black line represents mean diameter trend from NaCAS: PUL blend by increasing NaCAS 
content in the blends, diameter (nm) = 591ƞ00.56 and R2= 0.70. 
 

Figure 52 shows that the solution of each NaCAS: PUL blend concentration were 

normalized with its respective ce (7.0 wt%) to evaluate the dependence of fiber diameter 

on normalized solution concentration for the binary mixture series. The blend fiber 

diameter scaled with the normalized concentration as 

Diameter	(nm) = 102.1	( 667)
8.?                           Equation 12   
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As shown in Figure 52, the shaded region shows 2-2.5 times ce, which is the 

minimum concentration required for the production of uniform, bead-free electrospun 

fibers (McKee et al., 2004; Klossner et al., 2008). Equation 12 was estimated when a single 

equation was fit to the plot of hsp versus concentration of NaCAS: PUL blend solution for 

the semidilute entangled and the concentration regions, predicting c~ hsp2.3 (R2=0.91). 

Then, this relationship was substituted into the Equation 11 obtained from the plot of 

average diameter versus h0, it was predicted as the diameter	(nm)~c8.?, which is identical 

to the equation obtained from Figure 52. The concentration of NaCAS: PUL blended 

solutions should be 1.4-2.5 times the ce for the formation of uniform, defect-free 

electrospun nanofibers, as shown in Figure 52. This range is wider than the reported 

prediction (2-2.5 times ce), as mentioned above. Also, the results are consistent with the 

SEM micrographs of electrospun NaCAS: PUL nanofibers for the required concentration 

to obtain smooth, full-formed fibers successfully, as shown in Figure 54.  
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Figure 52: Dependence of fiber diameter on the normalized concentration for NaCAS: PUL 
blend solutions. The blue dashed region corresponds to the fully-formed blend fibers at the 
concentration of 1.4-2.5 times the ce and the grey shaded area represents 2.0-2.5 times the 
ce for the defect-free fiber formation from neutral polymers (McKee et al., 2004). 
 

Figure 53 shows the SEM images of electrospun nanofibers obtained from 15 wt% 

NaCAS blended with 5, 11, and 15 wt% PUL with weight mixing ratios of 0:100, 30:70, 

50: 50, and 70:30. As NaCAS is blended with 5 wt% PUL, fibers obtained at all caseinate 

to PUL ratios were beaded (Figures 53a, d, g, and j), and beaded fibers changed to ribbon-

like fibers with increasing NaCAS content ranging from 0 to 10.5 wt% in the blends. 

However, when 15 wt% NaCAS is mixed with PUL at the concentrations of 11 and 15 

wt%, bead-free and smooth fibers at all caseinate to PUL ratios were obtained, as shown 

in Figures 53e, f, h, I, k, and l. The diameter of the electrospun nanofibers were 229, 308, 

168, 215, 175, and 216 nm, respectively. As shown in Figure 53, as 15 wt% NaCAS was 
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blended with 11 wt% PUL with weight mixing ratios of 30:70, 50:50, and 70:30, the fibers 

become more uniform and defect-free than neat PUL at the concentration of 11 wt%. As 

the ratio of protein to PUL concentration increased in the blend solution responds to form 

a thinner fiber (~216 nm) than neat 15 wt% PUL (301 nm), as shown in Figures 53f, i, and 

l.  

 
Figure 53: SEM images of electrospun nanofibers from the blends of 15 wt% NaCAS and 
5, 11 and 15 wt% PUL solutions at various weight mixing ratio and the average of fiber 
diameter size: (a) 5 wt% PUL, 78±23 nm, (b) 11 wt% PUL, 160±26 nm, (c) 15 wt% PUL, 
301±26 nm, (d) 15 wt% NaCAS: 5 wt% PUL (30:70), 104±18 nm, (e) 15 wt% NaCAS: 11 
wt% PUL (30:70), 229±14 nm, (f) 15 wt% NaCAS: 15 wt% PUL (30:70), 308±17 nm, (g) 
15 wt% NaCAS: 5 wt% PUL (50:50), 121±21 nm, (h) 15 wt% NaCAS: 11 wt% PUL 
(50:50), 168±13 nm, (i) 15 wt% NaCAS: 15 wt% PUL (50:50), 215±22 nm, (j) 15 wt% 
NaCAS: 5 wt% PUL (70:30), 110±16 nm, (k) 15 wt% NaCAS: 11 wt% PUL (70:30), 
175±15 nm and (l) 15 wt% NaCAS: 15 wt% PUL (70:30), 216±23 nm.  
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Figure 54 shows SEM images of electrospun fibers from 1, 5, 9, 11, 15, and 20 wt% 

NaCAS blended with 15 wt% PUL solution with a 50:50 mixing ratio. In this series of 

experiments, NaCAS: PUL ratio was kept at 50:50 and PUL content was kept at 7.5 wt% 

in blend solutions. The overall solid concentrations of these solutions were changed from 

8.0 to 17.5 wt% as increasing in NaCAS content from 0.5 to 10 wt%, as shown in Figure 

54. Spindle-like beaded nanofibers with a diameter of 107 nm were observed at a low 

concentration of NaCAS (1 wt%), as shown in Figure 54a. However, above the ce of 

NaCAS: PUL blend (7 wt%), bead-free and uniform electrospun nanofibers. To obtain a 

smooth nanofiber from NaCAS: PUL, the concentration of the solution was found as 1.4 -

2.5 times the ce, as shown before in Figure 52. At higher solid concentrations of blend 

solutions from 9 to 15 wt%, smooth fibers were formed. At further concentration (17.5 

wt%), the fibers became thicker and its electrospinning was difficult due to the high 

viscosity of the solution. As seen in Table 15, the blend solution viscosity increases from 

0.06 to 0.48 Pa. s as the concentration of NaCAS: PUL blend solution increases. The fiber 

diameter increases from 107 nm to 295 nm with increasing neat protein content from 0.5 

to 10 wt% in the blends, respectively, which is not significantly different than CaCAS: 

PUL blend fiber diameters (p>0.05). 
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Figure 54: SEM images of electrospun nanofibers from the blends of 1, 5, 9, 11, 15 and 20 
wt% NaCAS and 15 wt% PUL solutions with a 50:50 weight mixing ratio and the average 
of fiber diameter size: (a) 1 wt% NaCAS: 15 wt% PUL, beaded fibers with 107±20 nm, (b) 
5 wt% NaCAS: 15 wt% PUL, fibers with 159±22 nm, (c) 9 wt% NaCAS: 15 wt% PUL, 
fibers with 248±27 nm, (d) 11 wt% NaCAS: 15 wt% PUL, fibers with 261±21 nm, (e) 15 
wt% NaCAS: 15 wt% PUL, fibers with 244±21 nm and (f) 20 wt% NaCAS: 15 wt% PUL, 
fibers with 295±35 nm. The magnification is 25,000×. 
 

a b

c d

e f
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Figure 55 shows FT-IR analysis of the PUL powder and fibers, both CAS powders, 

and both CAS: PUL fibers conducted to confirm that both the PUL and CAS are present in 

the blend fibrous mats as well as obtaining some information related to the structure of the 

protein-polysaccharide complexes in the fibers. Spectrum for both CaCAS: and NaCAS: 

PUL blend fiber mats showed new bands at approximately 1645 cm-1 (Amide I) and 1532 

cm-1, (Amide II), which are attributed to the protein existence, compared to the PUL 

powder and fiber spectrums. Peaks 992 and 1015 cm-1 in PUL associated with C-OH 

bending vibrations at the C-6 positions which are attributed to the strength of the interchain 

interactions via hydrogen bonding. Peak 992 cm-1 in PUL powder sample changed to 1016 

cm-1 for PUL fibers and 1020 cm-1 for the blend fibers. It could be due to Ca2+ and/or Na1+ 

ions interrupted the hydrogen bonds of PUL molecules, which might affect the C-OH 

bending vibrations at the C-6 position. This result is consistent with previous findings of 

FT-IR results for proteins and PUL (Karim et al., 2009; Sakata and Otsuka, 2009; Stijnman 

et al., 2011; Liu et al., 2016). Two prominent features for protein’s FTIR are Amide I band 

(1638 cm-1) and Amide II (1537 cm-1) were observed in both CAS powder samples, as 

shown in Figure 55. Amide I band is primarily attributed to C=O stretching vibration and 

Amide II band from the N-H bending and C-N stretching vibrations of peptide backbone 

(Haris and Severcan, 1999). Due to the shift in Amide I band in both CAS: PUL fibers to 

1644 cm-1, it indicated that the proteins became unordered structure in the presence of PUL, 

which is similar to reported value for an increase wavenumber in Amide I band to ~1640 

cm-1 which corresponds the more unordered protein structure (Miller, Bourassa, and Smith, 

2013). Amide II band in either CAS powder shifted from 1514 to 1532 cm-1 when it 

blended with PUL. The shift of Amide II band toward higher wavenumbers may indicate 
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that strong interactions occur between the hydroxyl groups of PUL and the amino groups 

of proteins (Aceituno-Medina et al., 2013; Wu et al., 2013), which may play a role in the 

formation of electrospun fiber. 

 

Figure 55: FTIR-ATR spectra of PUL powder and fibers, CAS powder, and CAS: PUL 
fibers from top to bottom, respectively. 
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6.6 Encapsulation of Bioactives, probiotic Lactobacillus Rhamnosus GG (L. 

rhamnosus GG) 

Electrospun ultrafine fiber structures have been extensively used in a wide range of 

applications due to their unique properties including a higher porosity, the large surface 

area per unit mass or volume, higher permeability, and small intrafibrous pore size. 

However, applications of electrospun nanofibrous mats in food and agriculture industry are 

relatively new due to the inability to electrospin many food-grade polymers without using 

any organic solvents, which are not allowed to use in foods. These properties provide a 

new perspective on the delivery of bioactives compounds and development of composite 

materials for filtration and active food packaging (Drosou et al., 2017). Besides these 

applications, one of the potential uses for edible electrospun nanofibrous mats is to design 

functional foods by using it as a delivery vehicle for sensitive bioactive reagents including 

probiotics, vitamins, minerals, and peptides as well as flavor enhancement or texture 

improvement within food products.  

In this study, edible electrospun nanofibrous mats were successfully produced from 

aqueous CaCAS blended with PUL solutions. A model application of CaCAS: PUL 

nanofibers were carried out by incorporating probiotic L. rhamnosus GG and the viability 

of the loaded probiotic was investigated. As shown in Figure 56 the mean diameter of 

electrospun CaCAS: PUL fibers were 200±31, 209±32, 228±30, 127±30, and 125±25 nm 

with porosities of 46, 47, 47, 42, and 48 %, respectively. These fibrous mats with an 

average weight of 0.38 g were obtained from only 2.5 g of aqueous CaCAS: PUL solutions.  

L. rhamnosus GG bioactive cells with a length size in the range between 1.1 to 5.1 

µm were spotted both within fibers, as double cell strains, and the space among the fibers, 
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as shown in Figure 56. The mean pore areas of these fibers were also measured as 0.26 

µm2. Inoculation of the CaCAS: PUL blend viscous solution resulted in a cell suspension 

which contained 10.49 log10 CFU g-1 of L. rhamnosus GG. The number of viable L. 

rhamnosus GG recovered from the nanofibrous mats after the electrospinning was 9.48 

log10 CFU g-1. These findings are similar to the reported data for the encapsulation of L. 

rhamnosus GG within the PEC: PUL electrospun fibrous mats and the recovery was 7.4 

log10, which is a little less than the initial loading of 8.26 log10 in the blend of PEC and 

PUL viscous solutions. Although more extensive studies are required to determine the true 

potential of using the fibrous mat as a vehicle for the delivery of L. rhamnosus GG, these 

results demonstrate the potential for electrospun fibers and fibrous mats to employ this type 

of applications. 

 
Figure 56: SEM images of electrospun L. rhamnosus GG incorporated in CaCAS: PUL 
fibrous mats. Fiber diameters are 200±31, 209±32, and 228±30 nm with porosities of 46, 
47, and 47 % for a, b, and c respectively, magnified 10,000× and 127±30 and 125±25 nm 
with porosities of 42 and 48 % for d and e, respectively, magnified 25, 000×. These 
electrospun fibers were obtained from the blend solutions of 15 wt% CaCAS and 15 wt% 
PUL with a 50:50 weight mixing ratio. 
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6.7 Summary 

This study is a continuous project that Tomasula et al (2016) shortly reported the 

first example of producing electrospun nanofibers and nanofibrous mats from the aqueous 

milk proteins blended with PUL. This chapter focused on the addition of PUL and its 

influence on the shear rate dependence of h, the concentration dependence of hsp, and the 

c regions, for aqueous NFDM, CaCAS, and NaCAS solutions as well as electrospun fiber 

morphology obtained from these protein-polysaccharide blends. 

Ø When 15 wt% NFDM, CaCAS, and NaCAS blended with 15 wt% PUL with a 50:50 

weight ratio, these blends produced electrospun nanofibers with average diameters with 

163±22, 217±15, and 215±22 nm, respectively, as shown in Figure 33. 

NFDM: PUL blends 

Ø The viscosity of NFDM: PUL dispersions increased from 0.07 to 0.28 Pa. s with 

increasing NFDM concentrations from 0.5 to 10.0 wt% in its blend with 15 wt% PUL 

with a 50:50 weight ratio. The inclusion of PUL promotes enough viscosity and 

molecular chain entanglements, which were lacking for pure NFDM suspensions due to 

its micellar and globular protein content. The blended solutions with a h0 less than 0.02 

Pa. s produced polymer droplets when electrospun, as the solutions with the h0 between 

0.02 and 0.1 Pa. s produced electrospun fibers with beads, as shown in Figure 38.  

Ø The transition from the semidilute unentangled to the semidilute entangled regimes 

occurs at the ce of 12.1 for aqueous NFDM: PUL blend solutions. The hsp was 

proportional to c1.18 in the semidilute unentangled and to c2.98 in the semidilute entangled 

regions for NFDM: PUL mixtures. The NFDM: PUL blend should be at the 

concentration 1.6-2.3 times the ce for effective electrospinning and the formation of 
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defect-free nanofibers. The fiber-forming solutions with a h0 greater than 0.1 Pa. s 

generated defect-free, fully-formed fibers with an average diameter of 212 nm.  

CaCAS: and NaCAS: PUL blends 

The addition of PUL promotes the protein chain entanglements of CAS to make 

their electrospinning possible by both interrupting the formation of dense protein molecules 

in the presence of Ca2+ ions in CaCAS and the jamming of small protein strands and 

agglomerates in NaCAS.  

Ø CaCAS: PUL mixtures showed Newtonian behavior and/or a weak shear thinning 

behavior. The h0 of the mixtures increased from 0.06 to 0.30 Pa. s due to the increase in 

CaCAS concentration from 0.5 to 10.0 wt% in its blends with a constant PUL 

concentration, 15 wt%. The fiber diameter increases from 91 to 291 nm with increasing 

neat protein content ranging from 0.5 to 10 wt% in the blends. 

Ø PUL decreased the sharp increase in viscosity of neat CaCAS solutions in the semidilute 

entangled region. Therefore, the proportion of hsp to c7.48 for neat CaCAS dispersions 

changed to c2.67 in the semidilute entangled regions for CaCAS: PUL mixtures. The ce 

of the CaCAS: PUL (50:50) blend was determined to be 7.0 wt%. The CaCAS: PUL 

blend should require a concentration that is 1.3-2.5 times the ce for an effective 

electrospinning and the formation of defect-free nanofibers, as shown in Figure 46.  

Ø When 15 wt% CaCAS is mixed with 5, 11, and 15 wt% PUL with a 30:70 weight mixing 

ratio, the diameter of electrospun nanofibers increased from 82 to 242 nm with the 

increasing of PUL content in the blends as shown in Figures 47d, e, and f. As CaCAS 

content was increased from 30 % to 50 % in the blends, uniform, defect-free fibers with 

an average diameter ranged from 116 to 217 nm were obtained. 
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Ø NaCAS: PUL blends also showed Newtonian behavior at the total solid concentrations 

ranging from 8 to 17.5 wt% and the h0 increased from 0.05 to 0.48 Pa. s. The fiber 

diameter increases from 107 nm to 295 nm with increasing neat protein content from 

0.5 to 10 wt% in the blends, respectively, which is not significantly different than 

CaCAS: PUL blend fiber diameters (p>0.05).  

Ø The influence of PUL in overall solution behavior was to decrease the ce of pure NaCAS 

solutions (8 wt%) to 7.0 wt% for its blends with PUL solution and decrease the 

concentration dependence of the hsp for pure NaCAS solutions from 1.86 to 1.56 in the 

semidilute entangled regime (c>ce) and 8.72 to 3.98 in the concentrated regime (c>c**). 

The fiber-forming solutions with a h0 greater than 0.07 Pa. s generated defect-free fibers. 

Also, the NaCAS: PUL blend should require a concentration 1.4-2.5 times the ce for 

smooth and defect-free electrospun nanofibers, as shown in Figure 52. 

Ø As the ratio of protein to PUL concentration increased in the blend solution responds to 

form a thinner fiber (~216 nm) than neat 15 wt% PUL (301 nm), as shown in Figures 

53f, i, and l. The diameter of the electrospun nanofibers were 229, 308, 168, 215, 175, 

and 216 nm, respectively. In comparison to the electrospun fibers obtained from neat 

PUL at the concentration of 11 wt%, the fibers become more uniform and smoother, 

which obtained from 15 wt% NaCAS was blended with 11 wt% PUL with 30:70, 50:50, 

and 70:30 mixing ratios.  
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CHAPTER 7 

Effect of pH Adjustment on Electrospinning of Caseinates Blended with Pullulan  

This Chapter will cover Objective 3 provided below and show how changes in 

protein conformation by pH adjustment affect the concentration dependence of viscosity, 

CAS-based fiber morphology, and their mechanical properties.  

The objective of this Chapter is to investigate the effect of protein conformation on fiber 

morphology obtained from aqueous CAS solutions in the presence of PUL and determine 

their ce, and how these two contribute the fiber morphology.  

7.1 Overview 

In this section, further experiments in this study were carried out with adjusting the 

pH of only CaCAS and NACAS solutions before mixing with PUL. Even though the 

addition of PUL made CaCAS and NaCAS produced protein-rich, bead-free, and smooth 

fibers, such with NFDM produced mostly defected fibers due to its less protein content and 

different protein containment (i.e., native casein and whey). They possess complex and 

different protein structures including micelles and globular structures, causing lack of 

interactions and chain entanglements, which made the electrospinning of NFDM difficult 

to continue for now.  

The pH of both CaCAS and NaCAS solutions at the concentrations ranging from 1 

up to 20 wt% was adjusted to 8.0, 9.0, and 10.0 by using 1 M NaOH solutions before 

mixing it with a constant PUL concentration of 15 wt% with mixing ratios of 50:50, 67:33, 

and 75:25. The concentration dependence of specific viscosity was plotted above the ce of 

both CaCAS and NaCAS blended with 15 wt% PUL with a weight ratio of 50:50. Protein 
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content was increased in the mixture solutions to observe the effect of protein in an 

increased pH on fiber morphology, as well.  

7.2 Preliminary results  

At the beginning of pH study, a couple of pH adjustment solutions which were 1 M 

Ca(OH)2 for CaCAS and NaOH for NaCAS were used to change protein conformation in 

caseinates to observe the effects on electrospun fiber morphology obtained from their 

blends with PUL. Before CAS proteins wee blended with PUL, their pH was adjusted to 

8.0, 9.0, and 10.0 by using 1 M Ca(OH)2 for CaCAS and NaOH for NaCAS. Then, their 

adjusted pH solutions were electrospun under the same conditions throughout this study. 

However, it was unsuccessful to produce fibers, rod-like electrospun structure with many 

small other particles were obtained from 11 wt% NaCAS at pH 8 and 9 were observed, as 

highlighted in Figures 57c and 57d, whereas mostly caseinate pieces were produced from 

11 wt% CaCAS at pH 8 and 9, as shown in Figures 57a and 57b. Without pH adjustment 

in CAS protein solutions, any electrospun structure was observed at the concentration 

below 15 wt% because the increases in pH made the solutions too viscous to electrospin 

above 13 wt%. 
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Figure 57: Electrospun pure CAS structure obtained from 11 wt % CaCAS adjusted pH to 
8.0 (a) and 9.0 (b) by using 1 M Ca(OH)2; 11 wt% NaCAS at pH 8.0 (c) and pH 9.0 (d) by 
using 1 M NaOH. Magnified 500× and 5,000×. 

 
To observe the effect of both Ca(OH)2 and NaOH adjustment on electrospun PUL 

fiber morphology, the pH of 15 wt% PUL was adjusted to 9.0 by using 1 M Ca(OH)2 and 

NaOH, as shown in Figures 58b and 58c, respectively. The increase in pH of PUL solutions 

by Ca(OH)2 produced beaded and thinner fibers with diameters of 35±16 nm and 48% 

porosity under the applied voltage in the range between 15-20 kV and the flow rate of 3 

mL/h at 20 °C. The formation of beads within the PUL fibers indicated the occurrence of 

molecular interactions between Ca2+ ions and PUL molecules because Ca2+ may interrupt 

the existing hydrogen bondings of PUL with water molecules. In an increase in pH of PUL 

solutions by Ca(OH)2, electrospun fibers with many beads were obtained (Unreported 
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results). When the pH of neat PUL solution was adjusted to 9.0 by the NaOH solution, the 

PUL fibers with the diameter of 74±16 nm and porosity of 49% were formed. The electrical 

conductivity of PUL increased when both Ca2+ and Na1+ were added, which may increase 

the charge density, and then elongate the PUL jet more, allowing to form thinner fibers 

compared to the PUL fibers at neutral pH (302 nm). Similar results were observed when a 

NaCl salt added to the polymer solutions (Zong et al., 2002; Ramakrishna et al., 2005; Liu 

et al., 2016).  

 
Figure 58: Electrospun pure PUL structure obtained from 15 wt % PUL (a) and its adjusted 
pH to 8.0 (b) and 9.0 (c) by using 1 M Ca(OH)2 and 1 M NaOH, respectively. Magnified 
5,000× and 25,000×. 
 

Addition of either Ca2+ or Na1+ in CaCAS and NaCAS solutions changed the 

appearance and solubility of both CAS solutions. With the increase in pH by addition of 

Ca(OH)2, a decrease in solubility of CaCAS were visually observed, whereas the 

translucent appearance of NaCAS solutions gradually turned into a turbid appearance with 

increasing Ca2+, which is attributed to the formation of the micron-sized aggregates 

(Konstance and Strange, 1991; Swaisgood, 1993). The aggregation mainly occurs due to 

the calcium bindings of all casein fractions (except k-casein), which reduces the 

electrostatic repulsions between protein molecules (Swaisgood, 1993). These results are 

also confirmed by other researchers reported the formation of close-packed protein 
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domains increased turbidity and influenced the solution rheology (Pitskowski et al., 2008; 

Pitskowski, et al., 2009; Thomar et al., 2012; McMahon and Oommen, 2013). Also, the 

inclusion of Ca2+ forms micron-sized dense protein domains, leading to agglomerate and 

precipitate in NaCAS dilute suspensions (Cuomo et al., 2011; McMahon and Oommen, 

2013).  

Based on these preliminary results, only 1 M NaOH solution was used to increase 

pH of both CaCAS and NaCAS up to 10, and then mix with 15 wt% PUL with weight 

ratios of 50:50, 67:33, and 75:25. Using Ca(OH)2 causes Ca2+ ions in the caseinate 

solutions, which results in more calcium bridging via hydrophobically linked 

phosphoserine groups, causing the accumulation of dense protein chains (Tomasula et al., 

2016). This influences the fiber morphology of CAS: PUL blends by the formation of 

beads. Besides the influence of Ca2+ on the protein conformation, it also caused beaded 

structure on the neat PUL electrospun fibers, as shown in Figure 58c. 

7.3 Effect of pH Adjustment on Solution Rheology and Morphology of Caseinate-

based Electrospun Fibers 

Figures 59 and 60 show the concentration dependence of specific viscosity for neat 

CaCAS and NaCAS at neutral pH (~7.0), respectively, and their mixtures with 15 %wt 

PUL with a 50:50 weight ratio at pH 7.0, 8.0, 9.0, and 10.0, which were adjusted by 1 M 

NaOH. Neat CaCAS and NaCAS solutions with the concentration ranged from 8 up to 20 

wt% and their pH was adjusted before mixing with PUL. The plots in Figures 59 and 60 

only represent the semidilute entangled region (c> ce) for both CAS and their blends with 

PUL because the formation of fibers requires the solution concentration above the ce, which 

was extensively discussed in Chapters 4 and 5. In this regime, the hsp of pure CaCAS at 



169 
 

 

pH 7.0 and its blends with PUL at pH 7.0, 8.0, 9.0, and 10.0 were proportional to c7.48, c2.16, 

c2.24, c2.32, and c2.34, respectively, whereas such hsp of neat NaCAS and its blends with PUL 

were proportional to c8.38, c2.50, c2.01, c2.01, and c2.23, respectively.  

 
Figure 59: The dependence of specific viscosity on the solution concentration of neat 
CaCAS and its mixture with 15 %wt PUL with a 50:50 weight ratio. The black line with 
black scatters represents neat CaCAS solutions with the concentration ranging from 8 to 
20 wt% at neutral pH. The red, blue, cyan, and magenta lines along with the same color 
scatters are the blends of CaCAS (8-20 wt%) and 15 wt% PUL solutions by keeping PUL 
concentration constant (7.5 wt%) and increasing CaCAS content (0.5-10 wt%) at neutral 
pH 7.0 (6.7) in the blends and pH 8.0, 9.0, and 10.0, respectively.  
 

The concentration dependence continuously increased for CaCAS: PUL blends 

with increasing pH (in Figure 59), but it first decreased from 2.50 to 2.01 for NaCAS after 

its blend with PUL, and then increased to 2.23, as shown in Figure 62. These resultant 

exponents became closer to the theoretically predicted value of c3.4 for neutral and linear 

polymers (Wool, 1993) and experimentally reported result of c3.3 for linear and random 

coil polysaccharides (Morris et al., 1981). This could be due to the interruption of Na1+ 
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within calcium bridging, allowing the CaCAS proteins have more open coil structures 

instead of the accumulation of dense protein chains (Swaisgood, 1993; McMahon and 

Oommen, 2013; Tomasula et al., 2016). Therefore, the affinity of caseinate protein 

fractions and their interactions with hydroxyl groups of PUL probably increase (Thomar et 

al., 2012; McMahon and Oommen, 2013).  

 
Figure 60: The dependence of specific viscosity on the solution concentration of neat 
NaCAS and in blends with PUL with a weight ratio of 50:50. The black line with black 
scatters represents neat NaCAS solutions with the concentration ranging from 8 to 20 wt% 
at neutral pH. The red, blue, cyan, and magenta lines with the same color scatters are the 
blends of NaCAS (8-20 wt%) and 15 wt% PUL solutions by keeping the PUL 
concentration constant (7.5 wt%) and increasing NaCAS content (0.5-10 wt%) in the 
blends at neutral pH and pH 8.0, 9.0, and 10.0, respectively.  
 

Figures 61 and 62 show the shear rate dependence of shear viscosity for aqueous 

CaCAS and NaCAS solutions blended with 15 wt% PUL with a 50:50 mixing ratio at 

neutral pH 6.7, 8.0, 9.0, and 10.0 and their corresponding electrospun fiber morphology.  
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Both CAS blended with PUL showed an opposite relationship of shear viscosity with 

increasing pH in the presence of Na1+. However, the opposite relationship in CaCAS and 

PUL blends is stronger than such in NaCAS: PUL blends, which is in agreement with the 

earlier data that the presence of Ca2+ ions (0.05-1.5 wt%) in either CAS decreased the 

viscosity at a temperature in the range between 30 to 50 °C (Hayes et al., 1968). Increasing 

pH or adding Na1+ ions showed a little effect on the viscosity of CaCAS: PUL (50:50) 

blends and all the solutions (except the one at pH 9.0) showed a weak shear thinning 

behavior at the shear rate less than 100 s-1, as shown in Figure 61.  

 

 
Figure 61: Dependence of shear viscosity (Pa. s) on shear rate (s-1) for the blend solutions 
obtained from 15 wt% CaCAS and 15 wt% PUL with a 50:50 weight mixing ratio at neutral 
pH 6.7, 8.0, 9.0, and 10.0 (a) and electrospun CaCAS: PUL fibers with diameters of 226±25 
nm (b), 254±18 nm (c), 274±20 nm (d), and 105±16 nm (e), respectively. The pH of the 
aqueous CaCAS solution was adjusted before mixing with PUL solution.  
 



172 
 

 

The viscosities of the CaCAS: PUL mixtures were about 0.2 Pa. s at pH neutral, 

8.0, and 10.0 and 0.3 Pa. s at pH 9.0. However, the viscosities of NaCAS: PUL blend 

solutions at pH 8.0, 9.0, and 10.0 were similar, ~0.28 Pa. s, and more than the viscosity at 

neutral pH, 0.18 Pa. s. They also showed a weak shear thinning behavior at the shear rate 

below 100 s-1, as shown in Figure 62.  

Electrospun CaCAS: PUL fibers became thicker with increasing pH up to 9.0 and 

then showed a thinner structure at pH 10.0. At pH 8.0, electrospun CaCAS: PUL fibers 

became smoother and more uniform with an average diameter of 254±18 nm while they 

showed a thinner fiber structure with a diameter of 105±16 nm at pH 10.0, as shown in 

Figure 61. At pH 9.0, the diameter size of fibers was distributed in a wide range from 200 

to 400 nm than others, which could result from a transition phase for the interruption of 

dense caseinate domains by Na1+ decreasing the size of protein domains (Pitskowski et al., 

2008; Pitskowski, et al., 2009; Thomar et al., 2012; McMahon and Oommen, 2013).  

The electrospun nanofibers obtained from NaCAS: PUL (50:50) at various pH only 

affected the fiber diameter size by increasing at pH 8.0 and 9.0, but decreased at pH 10.0, 

as shown in Figure 62. NaCAS: PUL (50:50) dispersions at pH 6.7, 8.0, 9.0, and 10.0 

produced defect-free and uniform fibers with diameters of 215±18, 265±17, 234±16, and 

188±14 nm, respectively. 
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Figure 62: Dependence of shear viscosity (Pa. s) on shear rate (s-1) for the blend solutions 
obtained from 15 wt% NaCAS and 15 wt% PUL with a 50:50 weight mixing ratio at neutral 
pH 6.7, 8.0, 9.0, and 10.0 (a) and electrospun NaCAS: PUL fibers with diameters of 215±18 
nm (b), 265±17 nm (c), 234±16 nm (d), and 188±14 nm (e), respectively. The pH of the 
aqueous NaCAS solution was adjusted before mixing with PUL solution. 
  

To observe the effect of pH along with increasing protein content in the blend 

solutions, Figures 63 and 64 show the shear rate dependence of shear viscosity for aqueous 

CaCAS and NaCAS solutions blended with 15 wt% PUL with a 67:33 mixing ratio at 

neutral pH 6.7, 8.0, 9.0, and 10.0. CaCAS blended with PUL showed an opposite 

relationship of shear viscosity at pH 9.0 (~0.5 Pa. s) and 10.0 (~0.4 Pa. s) with increasing 

pH in the presence of Na1+, respectively, while NaCAS: PUL blends at pH 9.0 (0.3 Pa. s) 

and 10.0 (0.4 Pa. s), respectively. The CaCAS: and NaCAS: PUL blends at pH 9.0 and 10.0 

showed a shear thinning behavior at the shear rate above of 100 s-1, as shown in Figures 63 

and 64. Since the shear applied on the polymer solution during electrospinning is much 
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higher than 1000 s-1, the high shear will thin the jet more by elongating and stretching the 

polymer solutions (Greiner and Wendorff, 2007; Tomasula et al., 2016). The viscosities of 

the CaCAS: PUL (67:33) mixtures were about 0.15, 0.27, 0.47, and 0.51 Pa. s at neutral 

pH, 8.0, 9.0, and 10.0, respectively, while the NaCAS: PUL blended solutions showed 

0.25, 0.33, 0.33, and 0.36 Pa. s, respectively. This viscosity values above the minimum 

viscosity for an effective electrospinning reported as 0.1 Pa. s (Morris et al., 1989; Stijnman 

et al., 2013). 

CaCAS: PUL (67:33) dispersions at pH 8.0 produced less defected electrospun 

fibers with 172±20 nm while uniform, defect free fibers with a diameter of 276±21 nm 

were obtained the solutions at pH 9.0. The blend solutions at pH 10.0 produced a thinner 

and smooth nanofiber with a diameter of 95±17 nm, as shown in Figure 63d. The increase 

in CaCAS content in the blend solutions caused the formation of fibers with defected and 

less uniform, as shown in Figure 63b. This is because more Ca2+ ions promote the 

formation of dense protein agglomerates via hydrophobically linked phosphoserine groups 

(Pitskowski et al., 2008; Pitskowski, et al., 2009; Thomar et al., 2012; McMahon and 

Oommen, 2013), which probably prevent the protein molecules from the diffusion of PUL 

molecules in the mixtures. Therefore, the dense proteins still exist even in the presence of 

PUL carrier. However, adding Na1+ ions interrupts these formations and provide open coil 

structures, which may favor the CaCAS dispersions to have random coil structures and 

PUL can reach and spread within the protein molecules evenly.  

Increasing pH had less effect on fiber diameter size obtained from NaCAS: PUL 

than CaCAS: PUL (67:33) fibers, as shown in Figure 64. NaCAS: PUL (67:33) dispersions 

at pH 6.7, 8.0, 9.0, and 10.0 produced defect-free and uniform fibers with diameters of 
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161±2, 164±16, 215±18, and 175±15 nm, respectively. In the absence of PUL, 15 wt% 

NaCAS solutions at pH 10.0 adjusted by 1 M NaOH was too high and blocked the metallic 

needle used in the electrospinning unit, making the process impossible (Fong et al., 1999; 

Paul, 2005; Greiner and Wendorff, 2007; Nieuwland et al., 2013; Liu et al., 2016; 

Tomasula et al., 2016). Increasing Na1+ ions by both the inclusion of NaOH and increasing 

NaCAS content in the blends with PUL dispersions may prevent small protein strands and 

agglomerates of CAS from jamming, which cause a sharp increase in viscosity (Thomar et 

al., 2012; Tomasula et al., 2016).  

 
Figure 63: Dependence of shear viscosity (Pa. s) on shear rate (s-1) for the blend solutions 
obtained from 15 wt% CaCAS and 15 wt% PUL with a 67:33 weight mixing ratio at neutral 
pH 6.7, 8.0, 9.0, and 10.0 (a) and electrospun CaCAS: PUL fibers with diameters of 132±25 
nm (b), 172±20 nm (c), 276±21 nm (d), and 95±17 nm (e), respectively. The pH of the 
aqueous CaCAS solution was adjusted before mixing with PUL solution.  
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Figure 64: Dependence of shear viscosity (Pa. s) on shear rate (s-1) for the blend solutions 
obtained from 15 wt% NaCAS and 15 wt% PUL with a 67:33 weight mixing ratio at neutral 
pH 6.7, 8.0, 9.0, and 10.0 (a) and electrospun NaCAS: PUL fibers with diameters of 161±21 
nm (b), 164±16 nm (c), 215±18 nm (d), and 175±15 nm (e), respectively. The pH of the 
aqueous NaCAS solution was adjusted before mixing with PUL solution.  
 

Figures 65 and 66 show the shear rate dependence of shear viscosity for aqueous 

CaCAS and NaCAS solutions blended with 15 wt% PUL with a 75:25 mixing ratio at 

neutral pH 6.7, 8.0, 9.0, and 10.0. The viscosity of CaCAS: PUL blends were increased 

due to more protein content than PUL at a higher pH, while such of NaCAS: PUL mixtures 

were decreased with increasing pH, especially pH 9.0 and 10.0, as shown in Figure 66a. 

This could be due to the molecular interactions with both Na1+ ions and OH- with hydroxyl 

groups of PUL (Li et al., 2017). Also, CaCAS: PUL at a higher pH showed a strong shear 

rate dependence of viscosity while NaCAS: PUL dispersions followed a Newtonian 

behavior. The viscosity above 1.0 Pa. s made the electrospinning of the CaCAS: PUL blend 
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solutions difficult because the solution was jammed at the tip of needle due to the 

solidification of viscous solution. With increasing pH from neutral to 9.0, the fiber 

structures were enhanced, and the diameter size ranged from 157 to 217 nm, but the 

dispersions at pH 10 formed ribbon-like and defected electrospun fibers with a diameter of 

95 nm, as shown in Figure 65. This may be due to a higher content of Ca2+ ions from 

CaCAS, causing the formation of dense protein chains, forming a viscous solution and 

blocking the process. Also, pH increase may not be effective because Na1+ ions from NaOH 

solution may not compete with a higher amount of Ca2+ ion in the mixture to interrupt the 

formation of dense caseinate protein chains (Swaisgood, 1993; Thomar et al., 2012; 

Tomasula et al., 2016).  

 
Figure 65: Dependence of shear viscosity (Pa. s) on shear rate (s-1) for the blend solutions 
obtained from 15 wt% CaCAS and 15 wt% PUL with a 75:25 weight mixing ratio at neutral 
pH 6.7, 8.0, 9.0, and 10.0 (a) and electrospun CaCAS: PUL fibers with diameters of 157±21 
nm (b), 202±19 nm (c), 217±21 nm (d), and 95±15 nm (e), respectively. The pH of the 
aqueous CaCAS solution was adjusted before mixing with PUL solution.  
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Increasing pH had a little effect on the fiber diameter size of electrospun NaCAS: 

PUL (75:25), as shown in Figure 66. NaCAS: PUL (75:25) dispersions at pH 6.7, 8.0, 9.0, 

and 10.0 produced defect-free and uniform fibers with diameters of 151±20, 193±19, 

166±16, and 191±18 nm, respectively. These fiber diameters were thinner than the other 

electrospun fiber obtained from the NACAS: PUL blend with less NaCAS content, as 

shown in Figures 65 and 66, which is the opposite of the reported studies concluded that a 

higher protein content produce a thicker fiber (Stijnman et al., 2013; Nieuwland et al., 

2011). Increasing Na1+ ions by both the inclusion of NaOH and increasing NaCAS content 

in blend with PUL dispersions, may prevent small protein strands and agglomerates of 

CAS from jamming, which may allow more elongation and stretching of polymer solution 

under the electric field (Thomar et al., 2012; Tomasula et al., 2016).  

 
Figure 66: Dependence of shear viscosity (Pa. s) on shear rate (s-1) for the blend solutions 
obtained from 15 wt% NaCAS and 15 wt% PUL with a 75:25 weight mixing ratio at neutral 
pH 6.7, 8.0, 9.0, and 10.0 (a) and electrospun NaCAS: PUL fibers with diameters of 151±20 
nm (b), 193±19 nm (c), 166±16 nm (d), and 191±18 nm (e), respectively. The pH of the 
aqueous NaCAS solution was adjusted before mixing with PUL solution.  
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7.4 Mechanical Properties of CaCAS and NaCAS blended with PUL nanofibrous 

mats  

Mechanical properties are essential to potential applications requiring structural 

and functional qualities of electrospun nanofibrous mats. Due to a sharp increase in 

development of electrospun nanofibers and their applications, the fundamental 

understanding of the mechanical properties of electrospun nanofibers is still lacking.  

In this section, the mechanical properties of electrospun CaCAS: and NaCAS: PUL 

nanofibrous mats were measured under the conditions of 50 % RH within the closed 

cabinet at RT. The pH influence on these properties was observed as well. As mentioned 

in Section 4.2.3, the fibrous mats with a weight of 2.5 g and dimension of 20x10x0.01 

(cm3) were produced, and the mat strip with a dimension of 0.15x0.053x0.01 (cm3) was 

used for DMA-mechanical properties. While CaCAS: PUL fibrous mats showed an 

opposite correlation with increasing pH, the NaCAS: PUL mats showed a positive 

correlation with increasing pH, as seen in Table 17. With increasing pH ranging from 6.7 

to 10.0, E, TS, and EB were increased from 81, 2.7, and 4.0 to 139 MPa, 4.3 MPa, and 10 

% for NaCAS: PUL fibrous mats, respectively. However, the CaCAS: PUL mats were first 

improved till pH 9.0 and decreased at pH 10 for CaCAS: PUL mats compared to their mats 

at neutral pH 6.7. For instance, TS of CaCAS: PUL first increased from 1.0 to 4.7 MPa at 

the pH ranging from 6.7 to 9.0, and then decreased to 1.9 Pa. s at pH 10.0 while E ranged 

from 45 to 117 MPa and decreased to 60 MPa, respectively, as shown in Table 17. This 

could be due to the conversion of CaCAS more like NaCAS with the addition of Na1+, 

which may change the molecular structure from colloidal caseinate pieces to small protein 

strands and agglomerates (Thomar et al., 2012). Edible electrospun CAS: PUL mats 
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showed better tensile properties compared to edible gelatin fibrous mats that Zhang et al 

(2009) reported that E, TS, and EB for gelatin electrospun mats without crosslinking were 

9.5 MPa, 1.1 MPa, and 37 % (Zhang et al., 2009). Lu and coworkers (2006) produced 

sodium alginate/PEO electrospun nanofibers with a mean diameter of 228 nm from their 

aqueous solution at the concentration of 3 %. TS and EB of sodium alginate/PEO blend 

electrospun mats were reported as 4 MPa and 3.4 % (Lu et al., 2006).  

The fibrous mats show an improvement compared to the earlier works reported for 

CaCAS/Gly films even though fibrous mats and fibers are not comparable due to their 

different morphologies. However, using less than 0.1 g fibrous mats with 0.1 mm thickness 

and an average porosity of 50 % can show similar and/or better results than caseinate-based 

edible films. For example, some studies reported that TS values ranged from 1.6 to 7.0 

MPa for CaCAS/Gly films obtained from a solution at a total solid concentration of 20 

wt% with a 2.33:1 caseinate to glycerol ratio with an average thickness of 0.1 mm 

(Tomasula et al., 1998; Tomasula, Yee, and Parris, 2003). Bonnaillie and Tomasula (2015) 

reported that the CaCAS/Gly films with a 3:1 weight ratio had TS of 13.6 MPa, a high 

modulus, E, of 400 MPa, and EB of 20 % as testing under the conditions of 50 % RH and 

RT (Bonnaillie and Tomasula, 2015). Kozempel and Tomasula (2004) examined the tensile 

properties of CaCAS films with Gly with a 70:30 weight ratio at the concentration of 10 % 

and reported an average tensile strength and film thickness, 5.0 MPa and 0.136 mm 

(Kozempel and Tomasula, 2004), which is similar to the TS of CAS: PUL electrospun mats 

in this study. Additionally, Siew et al (1999) produced NaCAS/Gly films with a protein 

ratio to Gly of 4:1 with a thickness of 0.085 mm. TS of the films ranged from 17 to 27 MPa 

and EB was about 10.5 (Siew et al., 1999). 
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Table 17: Tensile properties of CaCAS: and NaCAS: PUL nanofibrous mats with a 50:50 
weight mixing ratio at neutral pH 6.7, 8.0, 9.0, and 10.0. 1 M NaOH solution was used to 
adjust the pH of either CAS before mixing PUL aqueous solution.  

Samples pH 

Average 
thickness of 
fibrous mats 

(mm) 

Young's 
modulus, E 

(MPa) 

Tensile 
strength, 
TS (MPa) 

Elongation 
at break, 
EB (%) 

15% CaCAS: 
15% PUL 

(50:50) 

6.7 0.12 44.6±3.4a 1.0±0.0a 3.6 
8.0 0.09 100.3±17.9b 2.9±0.9a 7.4 
9.0 0.09 117.2±6.2b 4.7±0.3b 8.4 
10.0 0.10 59.9±7.8a 1.9±0.1a 3.3 

15% NaCAS: 
15% PUL 

(50:50) 

6.7 0.13 80.5±8.1b 2.7±0.5a 4.0 
8.0 0.08 107.2±4.1b 4.0±0.5b 9.6 
9.0 0.10 113.2±4.0b 4.0±0.3b 9.7 
10.0 0.09 138.6±11.5d 4.3±0.7b 10.1 

a-dMeans within a column with different superscripts differ (p<0.05). 
 

7.5 Summary  

This chapter focused on the adjusting of pH of both CAS proteins and the pH 

influence on the protein conformation on fiber morphology obtained from aqueous 

caseinates and PUL blend solutions. Also, the increase in protein ratio to polysaccharide 

was focused. 

Ø In semidilute entangled regime, the hsp of CaCAS blended with PUL (50:50 ratio) at pH 

7.0, 8.0, 9.0, and 10.0 were proportional to c7.48, c2.16, c2.24, c2.32, and c2.34, respectively, 

whereas such hsp of NaCAS: PUL (50:50) blends were proportional to c8.38, c2.50, c2.01, 

c2.01, and c2.23, respectively. 

Ø At pH 8.0, electrospun CaCAS: PUL (50:50) fibers became smoother and more uniform 

with an average diameter of 254±18 nm while they showed a thinner fiber structure with 

a diameter of 105±16 nm at pH 10.0. NaCAS: PUL (50:50) dispersions at pH 6.7, 8.0, 
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9.0, and 10.0 produced defect-free and uniform fibers with diameters of 215±18, 

265±17, 234±16, and 188±14 nm, respectively.  

Ø Increasing pH had less effect on fiber diameter size obtained from NaCAS: PUL than 

CaCAS: PUL (67:33) fibers. CaCAS: PUL (67:33) dispersions at pH 8.0 produced less 

defected electrospun fibers with 172±20 nm compared to the fibers obtained at neutral 

pH 6.7. Uniform, defect free fibers with a diameter of 276±21nm were produced at pH 

9.0 while a thinner nanofiber with a diameter of 95±17 nm was manufactured from 

CaCAS: PUL blends at pH 10.0. The dispersions of NaCAS: PUL (67:33) at pH 6.7, 

8.0, 9.0, and 10.0 produced defect-free and uniform fibers with diameters of 161±2, 

164±16, 215±18, and 175±15 nm, respectively. 

Ø CaCAS: PUL (75:25) dispersion has a viscosity over 1.0 Pa. s, which made the 

electrospinning of the CaCAS: PUL blend solutions difficult because of fast 

solidification at the tip of the needle. With increasing pH from neutral to 9.0, the fiber 

structures were enhanced, but the dispersions at pH 10 formed ribbon-like and defected 

electrospun fibers with a diameter of 95 nm. Increasing pH had a little effect on the fiber 

diameter size of electrospun NaCAS: PUL (75:25), and the blends at the pH ranging 

from 6.7 to 10.0 produced defect-free and uniform fibers with diameters of 151±20, 

193±19, 166±16, and 191±18 nm, respectively.  

Ø TS of CaCAS: PUL mats first increased from 1.0 to 4.7 MPa at the pH ranging from 6.7 

to 9.0, and then decreased to 1.9 Pa. s at pH 10.0 while E ranged from 45 to 117 MPa 

and decreased to 60 MPa, respectively. E, TS, and EB were increased from 81, 2.7, and 

4.0 to 139 MPa, 4.3 MPa, and 10 % for NaCAS: PUL fibrous mats, respectively, with 

increasing pH ranging from 6.7 to 10.0. 
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Ø As a result, a further increase in pH allowed the fibers to become thinner because either 

reduction in the formation of dense protein domains or interruption dense protein 

structure favor more molecular interactions between hydrophobic groups of caseinates 

with hydroxyl groups of PUL to increase (Thomar et al., 2013). Also, more Ca2+ and 

Na1+ ions in the solutions increase the electrical conductivity which allows creating a 

higher electrostatic force and thus increase the elongation of the continuous jet, as 

mentioned in Section 2.3.2. The pH changes with the inclusion of Na1+ may disrupt the 

hydrogen bonds between PUL and water molecules, leading to form more interactions 

and molecular conformation with CAS proteins.   
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CHAPTER 8 

Conclusion and Future Work  

8.1 Conclusion  

Electrospinning of the milk-based proteins in aqueous solutions is feasible to 

produce food-grade nanofibers and nanofibrous mats as they blend with PUL and the 

solution properties are optimized. Therefore, brief results along with the objectives will be 

concluded.  

Ø Evaluating the relationships between the solution viscosity along with chain 

entanglements and electrospinnability of NFDM, CaCAS, NaCAS, and PUL 

solutions.  

Solution rheology, particularly the chain entanglement and the viscosity of polymer 

solutions, is a determinant factor for polymers to be electrospun and the concentrations of 

the polymer solutions must exceed the entanglement concentration, ce, which is required 

for a successful fiber formation. Even though the concentrations of NFDM, CaCAS, and 

NaCAS at above their ce, (12, 9, and 8 wt%, respectively) were processed, their 

electrospinning process is not possible under the scope of the experiments conducted in 

this study. Therefore, PUL is used to enable the electrospinning of these proteins possible.  

Ø  Evaluating the effect of PUL carrier on the viscosity of NFDM and CAS solutions 

and their chain entanglements by identifying the concentration regimes and the ce 

of their blended solutions.  

PUL facilitated the protein chain entanglements for CAS by interrupting both the formation 

of the dense protein molecules in the presence of Ca2+ ions in CaCAS and the jamming of 

small protein strands and agglomerates in NaCAS. Its addition prevented the protein 



185 
 

 

solutions from a sharp viscosity increase hindering the processing and initiated the protein 

chain entanglements which is attributed the interactions between hydroxyl groups of PUL 

molecules and protein molecules. The fibrous mats were obtained from NFDM, CaCAS, 

and NaCAS blended with PUL and their fiber structures were uniform and bead-free with 

an average diameter of 200 nm. As a model application, L. Rhamnosus GG bioactive were 

successfully encapsulated within the fibrous mats by adding the cells into fiber-making 

solutions. L. Rhamnosus GG was not affected by high voltage during electrospinning the 

solution and recovered the amount of one-fold less than the initial loading amount. Much 

work must be done to generalize the carrier properties of these fibrous mats.  

Ø Evaluating the effect of protein conformation on the fiber morphology obtained 

from aqueous CAS solutions in the presence of PUL and determining their c 

regimes and ce, and how these contribute to the fiber formation and morphology. 

Increasing the pH of fiber-making CAS solutions influenced the entanglement of protein 

chains and improved the electrospinnability of CAS blended with PUL. The pH adjusted 

by NaOH interrupted the colloidal structure of CaCAS proteins due to hydrophobically 

linked phosphoserine groups in the presence of Ca2+ ions, which allow the unordered or 

more randomly ordered proteins, and PUL can diffuse within the protein molecules, 

forming more interactions, and thus molecular entanglements. Therefore, higher pH 

favored the fiber morphology of CaCAS: PUL blends to have defect-free and smooth 

structure. 

8.2 Future Work  

The conclusions of this work show that milk-based proteins produced edible 

nanofibers and nanofibrous mats when they blended with PUL. The experiments and 
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results of this study can provide a groundwork to build a model to determine the factors 

governing the electrospinning of biopolymers with or without a carrier polymer for future 

studies. In future, different carrier polymers can be used to electrospin milk proteins to 

evaluate the effect of the carrier on the solution rheology and fiber morphology. 

The 3-D fibrous nature of these mats, with smaller diameter fibers increasing the 

surface area-to-volume ratio and porosity between the fibers, is intriguing for their potential 

use in food and non-food applications. Even though more studies are required, these mats 

have a potential to be used as ingredient carriers in foods nutrient delivery, flavor 

enhancement, sensitive bioactives or volatile compounds encapsulation, or texture 

improvement in functional foods and beverages to meet current demands in the food 

industry. Milk protein-based electrospun mats can be studied to carry essential vitamins, 

minerals, or peptides to contribute to health-promoting foods by analyzing their loading 

abilities and their resistance to certain environmental conditions such as high temperature 

and humidity. They can be produced and used to carry antimicrobial and antioxidant 

compounds as a part of food packaging materials. Due to their susceptibility to humidity, 

it can be an opportunity to use humidity as an auto-controlled delivery system for the 

packaging of the fresh produce when the mats are used. 

Due to the biocompatibility, biodegradability, and nanofibrous nature of the mats, 

they can be utilized in other applications such as tissue engineering as a biomaterial and 

pharmaceutical and nutraceutical as a drug or supplement carrier. The fiber morphology, 

mechanics, and surface chemistry of electrospun biopolymers can have an advantage over 

the synthetic polymers because such food-grade biopolymers are available in large 

amounts. However, they can be vulnerable to humidity and water, their electrospun fibers 
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must be strengthened by conducting more studies to make them resistant to the 

environmental changes.   
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