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Abstract 

The overall objective of this thesis research is to gain fundamental knowledge on the relationship 

between barley protein molecular structures and their interfacial properties as well as to develop 

barley protein value-added applications with special emphasis on their utilization as 

nanoparticles for delivery systems of lipophilic bioactive compounds and electrospun nanofibers. 

Firstly, the interfacial properties of barley proteins were investigated using B-hordein as a 

representative. The results revealed that B-hordein had the ability to lower the air-water surface 

tension to 45 mN/s within 2 h and formed an elastic-dominant film at the interface through 

intermolecular β-sheets, which stabilized the interface. Compression at the interfacial B-hordein 

film triggered the conformation and orientation changes of B-hordein. This resulted in the 

occultation of the repetitive region of B-hordein from aqueous phase, leading to a low 

digestibility in simulated gastric fluids. Based on this knowledge, barley protein based 

nanoparticles were successfully developed by high pressure homogenization as a delivery system 

for lipophilic bioactive compounds. At optimized processing conditions, nanoparticles with 

regular spherical shape, smooth surface, size of 90-150 nm and zeta-potential of -35 mV were 

obtained. Barley protein based nanoparticles had less than 2% of the encapsulated bioactive 

compounds released after incubation in simulated gastric fluids for 2 h and the complete release 

occurred in simulated intestinal fluids due to pancreatin degradation. Thus, they had potential to 

protect the encapsulated bioactive compounds in harsh gastric environment, and completely 

release them in the small intestine, which was the main adsorption site to improve absorption. 
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Barley protein based nanoparticles were resistant to pepsin digestion, had low cytotoxicity and 

could be internalized by Caco-2 cells. Thus, these barley protein nanoparticles showed strong 

potential to be used as delivery systems of bioactive compounds for food, pharmaceutical and 

cosmetic applications.  

The third and fourth studies explored the opportunity of using barley protein based electrospun 

fabrics for applications as electrode materials for supercapacitors. Hordein, the major fraction of 

barley proteins, was electrospun into fibers with zein and lignin. The protein-lignin fibers were 

then converted into carbon fibers by carbonization at 900°C under argon. The specific surface 

area was 772 m
2
/g after activation by CO2 at 800°C for 3 h. These carbon fibers had 3D 

hierarchical porous structure, high amount (4 atomic%) of nitrogen on the carbon surface and 

graphene-like nanosheet structures. Such morphology and chemical composition allowed carbon 

fibers with excellent capacitance of 240 F/g and 31.2 µF/cm
2
 in 6 M KOH with high cyclic 

stability. To further increase the nitrogen content, in the last study, calcium acetate was added in 

the electrospinning solution to form nanofibers with protein, sustain the fibrous structure and 

generate pores during carbonization. Nitrogen-doped (7%) porous graphitic carbon fibers were 

derived from protein-Ca
2+

 fibers through one-step pyrolysis, which was facile and 

environmentally friendly. Moreover, it was the first time that highly ordered spherical graphitic 

structure was observed in carbon fibers derived from biomass at relatively low temperature 

(850°C) without catalysis and corrosive reagents. Based on their structure and chemical features, 

these carbon fibers had a specific capacitance of 64 µF/cm
2
 and 98% retention after 5,000 cycles, 
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which was ranking in the most excellent range of carbon fibers reported recently. These carbon 

fibers have the potential to be used in industrial energy storage systems and personal electronic 

products. 
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Chapter 1  

Literature Review 

1.1 Barley grains 

Barley (Hordeum vulgare L.) is the fourth most important crop on earth after wheat, rice and 

corn. Barley is adapted to a wide range of natural climate and soil conditions. European Union, 

Russia and Canada are the major producers of barley, providing about 100 million tons of barley 

per year.
1, 2

 Alberta produces more than 5 million tons of barley per year, which contributes more 

than half of the barley production in Canada. Livestock feeding and malt products are the main 

consumptions of barley production (about 80-90%) in many western countries. Human 

consumption of Alberta barley is rather limited.
2
 Recently, barley has attracted great attention 

since the high amount of dietary fibers in grains, especially β-glucan has been reported to show 

health-promoting benefits, such as controlling diabetes, reducing cholesterol level and the risk of 

cardiovascular diseases.
3, 4

 Despite the large production and the potential health benefits, 

value-added applications of barley in food and non-food industries have not been sufficiently 

developed. 

Barley grain kernel has a spindle like shape, which is thicker in the center and tapered towards 

two ends. It consists of two parts, the caryopsis and the hull. Some hullless varieties have been 

developed. The caryopsis is comprised of the pericarp, integuments, aleurone layer, endosperm 

and germ/embryo.
2
 After removing the husk, endosperm, aleurone layer and the embryo are the 
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three major tissues. The major components of barley grain are starch (60-64% of dry weight), 

protein (8-15%), arabinoxylans (4.4-7.8%), β-glucans (3.6-6.1%), lipids (2-3%) and minerals 

(3%).
2
 

1.2 Barley protein 

1.2.1 Overview of barley protein 

Proteins are the second major component of dry barley grains. Due to the high production every 

year, barley is an affordable and abundant source of food proteins. The content and profile of 

proteins in barley seeds vary among different cultivars and are affected by the environmental 

conditions during growth, such as temperature, sunshine and soil conditions.
5
 According to the 

classification method developed by Osborne, barley seed proteins can be classified into 4 

categories, i.e. albumin, globulin, hordein and glutelin, based on their different solubilities. 

Albumins and globulins are mainly located in the bran and embryo, thus, called cytoplasmic 

proteins. They comprise 3-4% and 10-20% of the total seed proteins, respectively. Albumins are 

water soluble while globulins can be extracted by dilute salt buffer (0.5M NaCl). Hordeins, the 

prolamin in barley grain, are soluble in 70% ethyl alcohol and comprise about 30-50% of total 

barley proteins. Glutelins are soluble in dilute acid/alkali, which are the leftover fraction after 

sequential extraction by water, dilute salt solution and 70% ethanol. Some recent studies reported 

that glutelins were considered as a group of the prolamin (hordein for barley) family due to their 

similar gene sequences, biosynthesis mechanism and also the physiological functions.
6
 Hordeins 
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and glutelins are mainly found in the starchy endosperm, together contributing to about 70-90% 

of the total dry seed proteins.  

Hordeins are the major barley storage proteins, which can be classified into 5 fractions based on 

their electrophoretic mobilities and amino acid compositions: A-hordein, B-hordein (70-90%), 

C-hordein (10-20%), D- and γ-hordein (less than 5%).
7
 A-hordeins are a group of low molecular 

weight polypeptides (Mw<15 kDa). B hordeins are the main fraction of hordein and can be 

separated into 3 distinguishable subtypes, B1-, B2- and B3-hordeins. Their molecular weights 

range from 34 to 46 kDa. As the second major hordein fraction, C-hordeins appear as monomers 

with 55 kDa. D-hordeins are larger than 100 kDa and belong to high molecular weight prolamin 

family. D-hordein molecules are composed of two or more polypeptides cross-linked by 

intra-chain disulfide bonds.
7
 γ-Hordeins are less than 20 kDa and composed of two classes, γ- 

and γ3-hordeins.
8
 

1.2.2 Amino acid composition of barley proteins 

The amino acid compositions of the 4 barley protein fractions are shown in Table 1-1.
9
 Barley 

proteins are recognized as incomplete proteins for food and feed applications because of the low 

content of lysine (Lys) and tryptophan (Trp) in the major storage proteins. Both hordeins and 

glutelins are rich in glutamine (Gln), proline (Pro) and hydrophobic amino acids such as valine 

(Val), leucine (Leu), isoleucine (Ile) and phenylalanine (Phe). Due to the large amount of 
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hydrophobic amino acids and low charged amino acids, barley storage proteins are water 

insoluble, whereas, albumins and globulins are high in Lys and low in Gln and Pro. 

Table 1-1 Amino acid composition of barley protein fractions (mol%)
9
 

Amino Acid Albumin Globulin Hordein Glutelin 

Ala 9.3 7.9 2.6 10 

Asp 10.6 10.5 1.8 11.5 

Cys 6.5 5.6 2.4 / 

Glu 19.2 14.5 35 21 

Gly 10.8 12.7 3.1 12.5 

Ile 3.8 3 5.3 6 

Leu 6.8 8.4 7.8 10.9 

Lys 3.4 7.8 0.6 0.8 

Met 2.5 1.6 1.2 1.9 

Phe 3.6 4.4 6.8 5.3 

Pro 6.1 7.3 20.1 2.1 

Ser 6.7 7.9 5.8 9.7 

Tyr 4.4 3 3.3 1.1 

Val+Thr 6.4 5.5 4.3 7.2 

 

The amino acid compositions of the different hordein fractions are listed in Table 1-2.
10

 

C-hordeins are distinguishable to other hordein fractions due to their low content of cysteine 

(Cys), which is the essential amino acid to develop disulfide bonds. Also, C-hordeins are rich in 

Glx (glutamine or glutamic acid), Pro and Phe, together taking up more than 60% of the amino 
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acid residues. Glx, Pro and Phe are mainly found in the middle repetitive motif of the C-hordein 

sequence. B-, D- and γ-hordeins have more Cys residues, which provide them the possibility of 

developing inter and intra molecular disulfide bonds. 

Table 1-2 Amino acid compositions of hordein fractions (mol%)
10

 

Amino Acid γ-hordein B-hordein C-hordein D-hordein 

Ala 2.1 2.6 1.5 3.2 

Arg 1.8 2.6 0.9 1.6 

Asx 2.4 0.7 1.5 1.5 

Cys 3.5 2.9 / 1.5 

Glx 28 30 37 28 

Gly 3.1 2.9 0.6 15.7 

His 1.4 1.5 0.6 3 

Ile 3.8 4.4 3.4 0.7 

Leu 7 8 8.6 4.1 

Lys 1.8 0.7 0.9 1.2 

Met 1.8 1.1 / 0.4 

Phe 5.6 4.7 7.7 1.3 

Pro 16.8 19.4 29.1 10.5 

Ser 5.6 4.7 2.5 10.5 

Thr 3.1 2.2 1.2 7.3 

Trp 0.7 0.7 0.6 1.2 

Tyr 2.1 2.6 1.8 4.2 
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1.2.3 Structure of barley proteins 

Though hundreds of barley proteins have been identified, only a few of them has been 

characterized and their structures have not been clearly revealed. B and C hordeins are the most 

intensively explored barley proteins.  

 

 

Figure 1-1 Simplified structure of orthologous B-hordeins. SIG represents signal peptide. S 

indicates Cys residues and broken line demonstrats the presumptive disulfide bonds.
8
  

B-hordein polypeptide chain is composed of 5 domains as showed in Figure 1-1. The first 

domain is a short signal peptide starting from the N-terminal. Domain II is a repetitive region of 

variations on short repetitive motifs. The remaining region is occupied by a nonrepetitive region 

containing 5 Cys residues (domain III), a region high in Gln (domain IV) and a C-terminal 

repetitive domain (domain V). B-hordein is found to have 8 Cys residues. Six of these Cys 

residues may form intramolecular disulfide bonds and contribute to the stability of the folding of 

B-hordein polypeptide chain. The remaining two free Cys residues are likely to promote the 

aggregation of B-hordeins. The repetitive region (second domain) takes up about half of all the 

amino acid residues of B-hordein. The repetitive domain contains a large number of hydrophobic 

amino acids, including Pro, Val, Iso, Leu and Phe. Four amino acid residues motif 
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(Pro-Phe/Tyr-Pro-Gln) is a common repeat motif pattern found within the repetitive domain.
8
 

Pro is a unique amino acid since its side chain is cyclised back onto the backbone amide position. 

The backbone φ dihedral angle is restricted to a limited range around -65°. Meanwhile, the 

bulkiness of the N-CH2 group leads to space restriction on the conformation of Pro residue, 

making it unfavourable to form α-helix. Since the amide proton is replaced by a CH2 group, Pro 

residue is not able to be a hydrogen bond donor. Based on the knowledge gained from other 

proline-rich tandomly repetitive proteins, such as the salivary proline-rich proteins and elastin, B 

hordein polypeptide chains are more likely to be rigid, extended and have a higher chance to 

form β-conformation.
11

 The repetitive appearance of aromatic amino acids, such as Tyr, Phe and 

Trp in domain II is much more frequent than in other domains. Large amount of aromatic amino 

acids may contribute to the stability of protein conformation and development of inter/intra 

protein interactions.
12

 The third domain contains about 5 Cys residues, which may participate in 

the development of inter/intra protein disulfide bonds. Moreover, within domain IV, about 50% 

of amino acid residues are Gln, which result in a relatively hydrophilic nature.
8
 However, the 

conformation of B-hordein is still insufficiently explored. Gaining knowledge in this area is 

important to support its further application development.  

Compared to B-hordein, the structure and conformation of C-hordein received more intensive 

studies. C-hordeins also have high content of Gln (40-50 mol%), Pro (20-30 mol%) and Phe (7-9 

mol%), but do not contain Cys and have low content of charged amino acid residues. C-hordeins 

are a group of proteins sharing highly homologous structure with short N- and C-terminal 
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domains at two sides and a long repetitive domain in between.
13

 The consensus repeat sequence 

is (Pro-Phe-Pro-Gln)1-2(Pro-Gln-Gln)1-2. Molecular modelling techniques were used to predict 

the possible structure of repetitive motif. Results suggested that they were more likely to form 

overlapping β-turns and develop a helical structure with little or no α-helix and β-sheet.
14

 The 

circular dichroism (CD) spectroscopy of C hordein in 70% ethanol concluded that β-turns were 

found while α-helix and β-sheet were absent. C-hordein was in rod shape with a molecular size 

from about 36 × 1.7 nm to 26.5 × 2 nm.
15

 

1.2.4 Nutritive value and functionalities of barley proteins 

Barley endosperm proteins have a moderate nutritional quality due to its relatively low content of 

Lys and Trp, which are essential amino acids for human.
16

 Although barley proteins are not 

competitive for nutritional purpose, barley proteins show some interesting functionalities, which 

have potential to be utilized in food and non-food industries. Some previous studies have 

characterized the emulsifying, foaming, encapsulating and film-forming properties of barley 

proteins as following described in detail.  

1.2.4.1 Emulsifying capacity 

Emulsification is one of the most important processes in manufacturing of many food and 

non-food products. Proteins are used as emulsifiers since they have the ability to lower the 

oil-water interfacial tension and stabilize the emulsion by forming a protein film at the surface of 

oil droplets.
17

 The relation between protein structure and their emulsifying capacity will be 
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discussed in the next section. Wang et al. 
18

 concluded that barley glutelin demonstrated 

balanced water and oil holding capacities and strong oil binding capacity, which resulted in 

supreme emulsifying capacity. Since the emulsifying properties of proteins were positively 

correlated to their solubility,
19

 Zhao and her colleges 
20, 21

 tried to improve the solubility and 

emulsifying properties of barley glutelin and hordein by deamidation treatments. Even a limited 

degree of deamidation significantly increased glutelin and hordein solubility in water and 

strongly improved their emulsifying capacities at a wide pH range.
20, 21

 However, the 

fundamental knowledge of barley protein behaviour at the interface has not been explored yet. 

1.2.4.2 Foaming capacity 

Foaming properties are another kind of protein functionality related to protein behaviour at the 

interface. Protein characteristics, including solubility, size, surface hydrophobicity, structure 

flexibility and protein-protein interactions, all play important roles in its foaming capacity. Kapp 

et al.
22

 found that both barley albumin and hordein fraction had the capacity to produce stable 

foams. Kapp et al. 
22

 believed that the flexible structure of albumin and the hydrophobic nature 

of hordein contributed to their foaming capacities. The application of barley protein as a foaming 

agent was limited by its low solubility at neutral pH. Modification techniques, such as 

denaturation, proteolysis,
22

 acetylation
1
 and deamidation,

20, 21
 have been employed to improve 

the foaming capacity of barley protein.  
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1.2.4.3 Film forming capacity 

Biodegradable films produced from biopolymers, such as proteins, have attracted extensive 

attention recently, since they can provide alternatives for petroleum-based films. Barley protein 

film has been successfully prepared by thermopressing with glycerol as plasticizer. Barley 

proteins are good candidates to prepare film because barley proteins, especially hordein, show 

good cohesive and elastic properties. Barley protein films possessed good moisture barrier 

properties, resulting from the hydrophobic nature of barley protein.
23

 

1.2.4.4 Encapsulation capacity 

Due to the good emulsifying and film forming properties, barley proteins can be used as wall 

materials to encapsulate active compounds.
24, 25

 Microcapsules of fish oil and β-carotene based 

on barley protein had been successfully developed.
26, 27

 Barley proteins could form a thick and 

solid matrix after high pressure homogenization, encapsulating the oil phase inside. Barley 

proteins microencapsulation prevented fish oil and β-carotene from oxidation since the thick and 

integrate protein coating was a good oxygen barrier. Moreover, due to the low solubility of 

barley prolamin in the aqueous environment, barley protein encapsulations potentially resisted 

swelling and controlled the release of the encapsulated compounds in solution and under humid 

conditions. This was a unique characteristic for barley protein microcapsules as compared to 

other food grade hydrophilic proteins, such as soy proteins and whey proteins. Notably, a thin 

layer of barley protein could resist pepsin degradation and prevent the encapsulated compound 
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from being released. The oil phase was slowly released under simulated intestinal conditions.
26, 27

 

Based on its release profile, barley protein microcapsule has potential to be used as a delivery 

system to improve the bioavailability of the encapsulated bioactive compounds. 

1.2.4.5 Electrospinnability 

Hordeins, the major faction of barley proteins, can be prepared into nanofibers through 

electrospinning without any assistance of synthetic polymers.
28

 When cooperating with zein 

nanoparticles, hordein nanofibers exhibited a stable network structure and had improved tensile 

strength and stability in both water and ethanol.
28

 The mechanical properties of electrospun 

hordein and zein nanofibers could be further improved by adding cellulose nanowhiskers.
29

 

Protein nanofibers have various potential applications, such as delivery systems, wound dressing 

materials, smart textile, composites of biosensor and precursor of carbon fibers.
30, 31

 

1.3 Interfacial properties of barley proteins and their applications 

The boundary between two immiscible phases is defined as an ‗interface‘. This thesis research 

focused on water-oil and water-air interfaces. To simplify, here, the word ‗interface‘ refers to 

both water-oil and water-air interfaces. Emulsions and foams commonly exist in complex food 

systems. Their formation and stabilization strongly rely on the behaviour of interfaces during 

processing and storage.
32

 Usually, interface is occupied by one or more layers of surface active 

components, which prevents oil droplets/ air bubbles from aggregation and/or coalescence. 

Surface active components can be roughly classified into two categories, small molecular 
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surfactants (such as polysorbate, fatty acids, phospholipids) and surface active polymers.
33

 

Proteins are widely utilized as emulsifying and foaming agents since they are biocompatible and 

have the capacity to adsorb to the interface, lower interfacial tension and form a 2D viscoelastic 

film to stabilize the interface 
17

. The surface activity of protein depends on many factors, such as 

its thermodynamic stability, structure flexibility, amphipathicity, size and charge.
34

 

As mentioned above, barley proteins were shown to be surface active
18

 and able to form a 

solid-like coating at oil-water interfaces. The latter was different from many hydrophilic food 

proteins which were more likely to form liquid-like or gel-like films at oil-water interfaces.
27, 35

 

Despite this, their interfacial behaviour is not well studied yet. 

1.3.1 Protein behaviour at the interface 

In general, proteins stabilize the interface through the following process. First, proteins diffuse 

from solution to the interface and anchor onto the interface. This step depends on intrinsic 

properties of proteins and also on physical properties of the bulk phase, such as viscosity, density, 

purity and polarity.
32

 Protein absorption results in a decrease of interfacial tension. Generally, 

protein absorption is considered as irreversible since desorption of protein molecules from 

interface, especially air-water surface, is a hindered process due to the existence of an activation 

energy barrier.
36

 In bulk solution, protein molecules tend to expose the hydrophilic residues to 

water, covering the hydrophobic interior. Once proteins are adsorbed to interface, hydrophobic 

segments may be in contact with the air or oil phase which reduce the hydrophobic interactions 
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and destabilize protein‘s original secondary and tertiary structures. Thus, protein molecules 

change their conformation to expose the hidden hydrophobic regions and re-orient themselves 

towards the air/oil phase.
37

 The adsorption and further conformation changes of proteins play an 

essential role in reducing the interfacial tension. When more proteins adsorb to the interface, the 

space between protein molecules decreases, which results in physical entanglements and 

intermolecular interactions with each other through non-covalent and covalent bonds.
17

 The 

physical entanglements and intermolecular interactions among protein molecules play an 

important role in determining the mechanical property of interfacial protein layers. 

1.3.2 Interfacial tension 

Interfacial tension at the water interface is considered as the result of the attraction of the bulk 

liquid for the surface layer. At air-water interface, the cohesive forces between liquid molecules 

contribute to interfacial tension phenomenon.
38

 Protein adsorption and the subsequent 

conformation changes and re-orientation could reduce the interface tension.
39, 40

 The interfacial 

tension is not lowered instantaneously, especially when polymers are used as surface active 

materials. When protein is adsorbed to the interface, both the equilibrium interfacial tension 

value and the time at which equilibrium value is reached are important.
41

  

Static interfacial tension measurements are used to determine the equilibrium interfacial 

tension.
42

 Dynamic interfacial tension shows the change in interfacial tension as a function of 

time. The dynamic interfacial tension is usually measured to obtain the information on protein 
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absorption kinetics. The interfacial tension-time plot demonstrates three distinct regions: (1) 

initial induction region with minimal tension reduction, which depends on the diffusion and 

protein interfacial affinity; (2) steep tension decline region in which protein molecules contact 

the interface and change their orientation and conformation until the formation of monolayer 

coverage; (3) final region in which the rate of tension reduction slows down until the equilibrium 

is reached. The final region is attributed to the further conformational changes of protein, 

continued relaxation of the adsorbed layer and possible build-up of multilayers.
43

 Some studies 

also separate the final stage into the mesoequilibrium region and the steady-state region.
44

  

During foaming and emulsifying, large interfacial areas are created. Newly formed interfaces are 

needed to be stabilized by surface active molecules to prevent bubbles or droplets from 

coalescence. In these cases, the dynamic surface tension of protein plays an important role in 

determining the final emulsion droplet size/foam bubble size.
45

 The slower proteins can adsorb to 

interface, the higher is the chance to have large droplet sizes under the same processing 

conditions. 

The ability of proteins to lower the surface tension is recognized to be dependent on intrinsic 

factors of protein molecules (such as molecular weight, hydrophobicity and chain flexibility) as 

well as factors of the bulk solution (such as protein concentration, pH, temperature, ionic 

strength, viscosity and present of other surfactants).
46, 47

 For example, Suttiprasit et al. 
48

 

compared the surface activity of α-lactalbumin (α-Lac), β-lactoglobulin (β-Lac) and bovine 

serum albumin. They found that α-Lac had the fastest rate to reduce the surface tension and the 
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lowest equilibrium surface tension at the same condition, which was possibly due to its low 

molecular weight and least stable protein structure. Tripp et al. 
44

 found that the protein 

concentration in solution influenced both the equilibrium interfacial tension and the rate of 

reaching an equilibrium status. For higher protein concentration, diffusion step was no longer a 

rate-limiting process.
44

  

The change in interfacial tension from pure fluid value is considered as surface pressure 

t0twhere 0 is the surface tension of the pure fluid and t is time.
49

 Techniques to 

measure dynamic surface pressure include maximum bubble pressure, inclined plate, drop 

pressure, drop volume, pendant drop and plate or ring tensiometry, which have various 

measurement time windows.
39

 Pendant drop technique is widely used to observe the dynamic 

surface tension change of protein absorption from dilute solution to interface.
43

 For pendant drop 

method, a drop is suspended from a needle in another bulk liquid or gas phase. The shape of the 

drop is determined by the relationship between the surface tension and gravity.
50

 The surface 

tension is calculated from the drop shape through Young-Laplace equation. A computer 

controlled system allows the acquisition of drop image, detection of the drop shape and fitting 

the equation to determine the dynamic surface tension automatically.
43

 

1.3.3 Interfacial rheology of protein films 

Interfacial rheology studies the relationship between the deformation of a liquid surface and the 

accompanying forces. When proteins adsorb to the interface, protein molecules can form a 



16 

visco-elastic film around the oil-water or air-water interface through non-covalent and/or 

covalent interactions. The viscosity and elasticity of protein interfacial thin film can be 

determined by interfacial rheology.
32

 Interfacial rheological properties are commonly considered 

to be correlated to the structure and composition of the protein film. The major difference 

between interfacial dilatation and shear rheology is that dilatational deformation has area change 

while shear deformation does not. Thus, interfacial dilatational rheology is able to provide 

information on the kinetics of adsorption and desorption of the surface active molecules and 

detect the intrinsic softness and hardness of the molecules at the interface. Interfacial shear 

rheology is an indicator of the conformational changes of protein molecules and their 

interactions.
51

  

The changes of shear storage modulus (G‘) and loss modulus (G‘‘) as a function of time 

elucidate the adsorption of protein molecules and the interfacial protein network development.
52, 

53
 Freer et al. 

54
 found that for lysozyme, the complex interfacial shear modulus G* (G* = G‘ + 

iG‘‘) increased as aging time extended, indicating a conversion from liquid-like behaviour at the 

early stage to more gel-like network formation. Lysozyme molecules partially unfolded after 

being adsorbed to the interface, which facilitated the build-up of strong intermolecular 

interactions leading to the increase of G‘ with time. However, the strong intramolecular 

interaction of lysozyme molecules was considered as a kinetic barrier for partial denaturation at 

the adsorption stage.
54

 Cascão Pereira et al. 
55

 found that both the intrinsic stability of protein 

structure and the lateral interactions between protein molecules contributed to the shear elasticity 
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of the protein film. The conformation and orientation changes of protein at interface strongly 

influence the development of intermolecular interactions; thus, influence the interfacial 

rheological properties.
51

 Factors disrupting or strengthening the inter and/or intramolecular 

interactions can lead to changes in the interfacial rheological properties, such as ionic strength, 

temperature, aging, chemical and enzymatic modification as well as the addition of 

polysaccharides and/or small molecular surfactants.
51

 

The direct quantitative relationship between protein interfacial rheological properties, and 

formation and stability of foam and/or emulsion is difficult to determine, since all the interfacial 

rheology measurements are made on model macroscopic interfaces and the range of analysis 

parameters (such as stress, strain and rate of deformation) do not reflect the turbulent 

non-equilibrium conditions during foaming and emulsifying.
32

 Despite this consideration, 

experimental evidence still confirms that the formation of interfacial protein network is 

correlated to the stability of air-water and oil-water interfaces.
52

 The stability of emulsions and 

foams is linked to both dilatational and shear rheological properties, because both dilatational 

and shear deformations occur in oil droplet (air bubble) collision and film drainage.
52

 For 

instance, Kim et al.
56

 compared the interfacial shear rheological properties of native and heated 

β-Lac. The heated β-Lac had a higher surface hydrophobicity and more flexible structure, 

leading to lower surface tension and increase of intermolecular interactions between interfacial 

protein molecules. Thus, they found that the G‘ of heated β-Lac increased and resulted in an 

increased resistance to coalescence of oil droplets and higher stability of the bulk emulsion.
56
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Understanding the relationship between protein interfacial film rheology and emulsion 

degradation processes is important for controlling lipid digestibility and rational design of 

emulsions with desired digestibility.
57-60

 However, research on this new area is insufficient.
60

 

Lipases work at the oil-water interface. For emulsions stabilized by proteins, the resistance of 

proteins to lipase displacement from interface and the resistance of protein layers to degradation 

play important roles in controlling the digestibility of emulsion.
61

 Maldonado-Valderrama 
59, 62

 

found that β-Lac had a higher dilatational modulus at air-water than oil-water interface, which 

might be caused by the higher level of conformational changes of β-Lac at air-water interface. 

The stronger protein film formed at air-water interfaces hindered bile salt displacement more 

than the weaker structure formed at oil-water interfaces. Previous study in our group showed that 

a thin film of barley protein at the oil-water interface can resist the degradation in simulated 

gastric fluid (SGF). This result is interesting for developing delivery systems with controlled 

lipid digestibility.
27

 However, the resistance mechanism of barley protein is still not clear. The 

relationship between interfacial rheological properties of barley protein film and its digestibility 

needs to be investigated. 

1.3.4 Protein conformational changes at the interface 

The partial denaturation of protein at interface influences its adsorption kinetics and the further 

development of the viscoelastic interfacial protein film. Thus, the conformation and orientation 

of protein at interface play a significant role in the formation and stabilization of the emulsion 
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and/or foams.
63-65

 Hence, many studies attempted to reveal protein conformational changes. The 

degree of protein conformational rearrangement at the interface depends not only on the 

properties of the interface but also on the protein intrinsic conformational stability.
66

 It has found 

that although proteins have the tendency to unfold at interface, they still maintain some 

secondary structures.
67, 68

 

Fourier transform infrared (FTIR) and infrared absorption reflection spectroscopy (IRRAS) are 

two of the most popular techniques used to study the protein conformation and orientation at 

interfaces. The amide I and II regions of the infrared spectra are the most prominent vibrational 

bands of the protein backbone. Amide I (1700 to 1600 cm
-1

) is the most sensitive region to the 

protein secondary structure because the C=O stretch vibrations of the peptide linkages contribute 

to approximately 80% of the amide I region.
69

 Each type of their secondary structure has a 

different C=O stretching frequency due to unique molecular geometry and hydrogen bonding 

pattern.
69-71

 FTIR involves a measurement of the intensity of the absorption of IR radiation at a 

given wavelength by a sample, whereas with IRRAS, interfacial protein structures are measured 

by the spectrum of an IR beam that is reflected from the interface.
72

 Polarization 

modulation-IRRAS (PM-IRRAS) has high sensitivity to the orientation of the transition moment 

at the interface due to surface selection rule, which can reveal the orientation of interfacial 

proteins.
72-75

 

As analyzed by FTIR, after being adsorbed to the oil-water interface, β-lactoglobulin had an 

increase in the band at 1682 cm
-1

, which is assigned to intermolecular β-sheets.
76

 Banc et al. 
77
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coupled Langmuir-Blodgett trough with PM-IRRAS and found that intermolecular β-sheets of 

γ-gliadin increased at the expense of β-turns when the interface was getting crowded with 

γ-gliadin molecules. These results confirmed that the conformational changes of protein after 

being adsorpted to the interface played an important role in the formation of interfacial protein 

network. Moreover, studies also revealed that the protein conformation changes influenced the 

response of protein films to different pH 
78

 and surfactant replacement.
62

 

1.4 Protein electrospun nanofibers 

1.4.1 Electrospinning technique 

Polymer nanofibers have a large surface area to volume ratio, flexible surface functionalities and 

controllable mechanical performance, which make them suitable for many applications, such as 

separation membranes, wound dressing materials, controlled drug release system, biocompatible 

scaffolds and many other applications.
79

 Figure 1-2 shows a typical scanning electron 

microscope (SEM) image of electrospun nanofibers prepared from plant proteins. Nanofibers can 

be produced by many techniques, including template synthesis, phase separation, self assembly 

and electrospinning.
80

 Among them, electrospinning has attracted great attention since it is a 

relatively simple and efficient technology to prepare polymer fibers with diameters from 2 nm to 

several µm.
81

 Advantages of electrospinning include but are not limited to: (1) producing 

nonwoven fabrics with nanofibers within a relatively short time; (2) suitable to form fibers with 
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wide varieties of materials; (3) able to encapsulate core materials inside fibers and (4) able to 

control the fiber diameter and alignment.
80, 82, 83

 

 

Figure 1-2 SEM image of orientated electrospun hordein/zein fibers. Scale bar: 5µm.
30

 

As shown in Figure 1-3, the three major components of an electrospinning equipment are high 

voltage power supply, a capillary tube with a pipette or needle of small diameter and a collector. 

The polymer solution can be generated by dissolving in an appropriate solvent or by melting it 

with high temperature and/or shear stress. Polymer solution is held at the end of a capillary tube 

by its surface tension. The collector is grounded while the electric field is subjected to the end of 

the capillary tube that contains the solution. The high voltage supplier allows the creation of an 

electrically charged jet of polymer solution or melt out of the pipette. Direct current voltage in 

the range of several to several tens of kV is needed to generate electrospinning. The liquid jet 

evaporates or solidifies before it is collected as an interconnected network of small fibers on the 

metal collector. In some cases, a chamber with a ventilation system is a necessity to conduct 

electrospinning.
79, 80
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Figure 1-3 Schematic diagram of the set up of horizontal electrospinning apparatus.
81

 

When high voltage is applied, the polymeric liquid suffers from two opposite forces: one is 

surface tension which holds the liquid at the end of the capillary tube, while the other force is 

electrostatic repulsion which works against surface tension. When the intensity of the electric 

field is increased, the electrostatic repulsion leads to the elongation of the hemispherical surface 

of the liquid at the tip of the capillary tube into a conical shape which is also called the Taylor 

cone.
79

 As the electric field reaches a threshold, the electrostatic repulsive force surpasses the 

surface tension force; a charged jet of the solution is ejected out towards the collector from the 

tip of the Taylor cone. The solvent evaporates or the melted liquid solidifies rapidly when the 

polymer jet flies in the air. If the polymer solution can provide sufficient molecular cohesive 

force, a stable jet is formed and continuous fibers are laid to form a non-woven textile fabric.
79, 80

 

If not, the polymeric solution breaks into droplets, resulting in electrospraying.  
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There are many factors influencing the formation, diameter, morphology and mechanical 

properties of the final nanofibers. These factors come from intrinsic polymer properties (such as 

molecular weight, molecular weight distribution and architectures), solution properties (i.e. 

concentration, viscosity, surface tension, conductivity and dielectric constant), process 

parameters (i.e. voltage, electrostatic field shape, working distance, feeding rate, nozzle diameter) 

and environmental parameters (i.e. temperature, humidity, air flow).
80, 84

 Briefly, these 

parameters mainly affect the final fibers through chain entanglements, solvent evaporation and 

forces on the charged jet. Chain entanglements are important to produce a stable jet. Rate of 

evaporation influences the thinning of the jet and the morphology of fibers. The forces on the 

spinning jet determine its stretching and bending instability. Fibers with desired properties can be 

formed by appropriately varying one or more of these parameters.
85

 

For different spinning polymers, the spinning conditions are different. For example, for 

electrospinning poly(ethylene oxide) (PEO) in ethanol-in-water solutions, when the viscosities 

are higher than 20 poises, the formation of fiber is prohibited due to the high cohesiveness of the 

solution. When viscosities are lower than 1 poise, electrospraying may happen since a stable jet 

is not formed.
86

 In the case of electrospinning cellulose acetate in acetone/dimethylacetamide 

solution, the spinnable viscosity range is 1.2 to 10.2 poises.
87

  

Diameter is one of the most important fiber properties. Many efforts have been made to correlate 

the electrospinning parameters with final fiber diameters. Some trends have been found 

regardless of polymer types. For example, generally, within the spinnable range, a higher 
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viscosity leads to larger fiber diameter. Since the viscosity is proportional to the polymer 

concentration in a certain solvent, the higher polymer concentration leads to a larger fiber 

diameter.
88

 Another important factor is the net charge density carried by the electrospinning jet, 

which is affected by the intensity of the electrostatic field and the conductivity of the polymer 

solution. In many cases, increasing voltage can reduce the fiber diameter since increasing electric 

potential at capillary tip enhances repulsive force, resulting in thinner fibers.
89

 Also, the addition 

of extra salt into the polymer solution is observed to increase the charge density of the spinning 

jet. By adding salt, the elongation forces imposed on the jet is stronger due to the self repulsive 

forces of the excess charges under electrical field. Thus, adding salt leads to a straighter shape 

and smaller fiber diameter.
90

 Therefore, it is considered that the higher the net charge density is, 

the more likely it is to obtain smooth fibers without beads.
86

  

1.4.2 Protein electrospun nanofibers 

It is reported that more than a hundred of polymers has been successfully spun into ultrafine 

fibers through electrospinning techniques.
80

 A variety of electrospun fabrics have also been 

developed based on biopolymers and their derivatives and composites, such as polysaccharides 

(i.e. cellulose, chitosan, dextrose, lignin), proteins and DNA.
83

 Using biopolymers as 

electrospinning materials has attracted great attention since biopolymers are renewable resources, 

biodegradable and biocompatible. However, it is notable that electrospinning of biopolymers can 

still be challenging since the intrinsic properties of biopolymers such as their molecular weight, 
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molecular structure, solubility, charge, crystallinity and glass-transition temperature, vary greatly. 

Also, applications of biopolymer electrospun fabric are needed to be broadened.  

Proteins are a major category of biopolymers and protein fibers play important biological 

functions naturally. However, due to their complex macromolecular structures and strong inter 

and intra molecular interactions, the process of electrospinning protein is still challenging. In 

spite of this, much progress has been made recently to prepare protein nanofibers and apply them 

in medical, food, paper, textile and other industries. Examples include but are not limited to 

silkworm silk, collagen, gelatin, elastin, casein, wheat gluten and zein.
28, 83, 91

 However, their 

application is limited by poor tensile strength and low water resistance.
92

 

In previous work, Wang and Chen
28

 have successfully developed electrospun fibers based on 

plant prolamin zein and hordein in acetic acid. In these novel protein nanofibers, compact zein 

nanoparticles were incorporated into electrospun hordein network.
28

 The conformation of protein 

molecules in solvent strongly influenced their electrospinnability and the mechanical properties 

of the final fibers.
93

 Wang and Chen
93

 found that hordein molecules were unfolded and form an 

extended and flexible structure in acetic acid. This structure allowed hordeins to form 

intermolecular interactions more easily during electrospinning. Also, similar to high molecular 

weight wheat glutelin, hordeins have large domains comprised of repeated sequences and contain 

β-turn as a structural motif. These structural features allows hordein to possess rubber-like 

elasticity, which may contribute to the electrospinnability of hordein and the good tensile 

strength of hordein based electrospun fibers.
94

 Meanwhile, zein molecules kept compact 
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molecular conformation in acetic acid, which acted as reinforced fillers within hordein 

network.
93

 This novel hordein/zein electrospun nanofiber exhibited improved tensile strength and 

wet stability in both water and ethanol solution. The potential of using hordein/zein electrospun 

nanofibers in food and biomedical industries has been preliminary justified.
28-30, 95

 Although 

protein electrospun nanofibers have demonstrated many excellent properties, their applications 

are still limited in food, biomedical and related industries. Further research is needed to develop 

and broaden their applications. 

1.4.3 Applications of electrospun nanofibers 

When fiber diameter decreases to nano-scale, the specific surface area increases, leading to the 

occurrence of some nano-effects, such as increased quantum efficiency, surface energy, surface 

reactivity, and thermal and electrical conductivity.
83

 The small pore size of nanofibers is also 

important for some applications, such as filtration.
80

 The fiber diameter, the pore size between 

fibers and alignment can be modified to fit desired applications. These interesting features 

provide electrospun nanofibers potential to be utilized as biomedical devices, supports for 

enzymes and catalysts, nanofiber-reinforced composites, textile and smart clothes, sensors, 

templates for materials synthesis, energy devices and electrode materials.
31

  

Electrospun nanofibrous materials are considered to be promising candidates to prepare electrode 

materials for energy storage devices, such as lithium batteries and supercapacitors. This is 

because electrospun nanofiber textiles possess interesting 3D interconnected pore structure. The 
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high porosity associated with the nanofiber network leads to rapid transport of ions through the 

fiber network. Also, the high specific surface area endows electrode with high capacitance.
31, 96

 

Most attention has been paid to synthetic polymer electrospun fibers for electrodes preparation, 

such as polyacrylonitrile (PAN), polyvinyl alcohol (PVA) and polyvinylpyrrolidone (PVP).
96

 In 

limited cases, electrospun nanofibers based on biopolymers, mainly lignin 
97

 and cellulose 
98

, 

have been converted into carbon fibers and applied as electrode materials. However, protein 

based electrospun nanofibers have not been explored in this area yet.  

1.5 Applications of protein based electrospun nanofibers as carbon based 

supercapacitor 

1.5.1 Supercapacitors 

1.5.1.1 Introduction of supercapacitors 

Nowadays, the three major energy storage and conversion devices are batteries, fuel cells and 

supercapacitors, which have different properties and applications. Supercapacitors have attracted 

extensive attention in recent years due to their high power density, rapid charging time and long 

cyclic stability. The specific energy of supercapacitors is several orders of magnitude higher than 

that of conventional capacitors. Thus, supercapacitors have the potential to fill the gap between 

batteries and conventional capacitors in terms of power density.
99, 100

 Based on the energy 

storage mechanisms, supercapacitors can be classified into two categories: electric double layer 

capacitors (EDLCs) and pseudocapacitors.  
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The energy storage mechanism of EDLCs is similar to conventional capacitors, which was based 

on the separation of charged species in an electrical double layer across the electrode/solution 

interface.
101

 In EDLCs, the reversible electrostatic accumulation of ions on the surface of porous 

carbon contributed to their energy storage. An EDLC is comprised of one positive electrode with 

deficient electrons and one negative electrode with excessive electron. During charging, 

electrons travel from the negative electrode to the positive electrode through an external pathway. 

Meanwhile, cations move towards the negative electrode while anions move towards the positive 

electrode in the electrolytes. During discharging, reverse processes occur.
102

 Supercapacitors can 

store much more energy than the conventional capacitors because of two reasons. Firstly, the 

distance between separated charges is very small in electric double layer which constitutes the 

interphase between an electrode and the adjacent electrolyte. Secondly, due to the large amount 

of pores and high specific surface area, a larger amount of charge can be stored on the electrode 

surface.
100

 

Pseudocapacitors are also called faradaic supercapacitors. In pseudocapacitors, the electrode is 

electrochemically active and reversible faradaic-type charge transfer happens. When a potential 

is applied to a pseudocapacitor, fast and reversible faradaic reactions (redox reactions) take place 

on the electrode materials, which induce the passage of charge across the double layer and result 

in faradaic current passing through the supercapacitor cell. The way of pseudocapacitors to store 

energy is similar to the charge-discharge processes in batteries. The capacitance of a 

pseudocapacitor is determined by the electrochemical charge transfer process that is limited by a 



29 

finite amount of electrochemically active materials and/or specific surface.
100

 The common 

electrode materials for pseudocapacitor are transition metal oxides (such as RuO2, MnO2 and 

Co3O4) and conductive polymers.
100

 There are three types of faradaic processes which may occur 

in pseudocapacitor electrodes, including reversible adsorption, redox reactions of transition metal 

oxides and reversible electrochemical doping-dedoping process for conductive polymers.
102

 

Compared to EDLCs, pseudocapacitors can provide the energy density with one order of 

magnitude higher. However, pseudocapacitors may have a lower power density since the 

faradaic reactions involved in the pseudocapacitor systems are slower than nonfaradaic 

processes.
102, 103

 Also, the cyclic stability of pseudocapacitors is poorer due to the redox reactions. 

Cost of electrode materials also limits the application of pseudocapacitors. 

Nowadays, hybrid systems have been developed to utilize the advantages of both EDLC and 

pseudocapacitors for improved energy-storage performances. Hybrid systems can be constructed 

by coupling an EDLC electrode with a pseudocapacitor electrode or coupling a supercapacitor 

electrode with a battery electrode.
102, 104

 

1.5.1.2 Cell construction of supercapacitor  

Supercapacitors have a sandwich-like structure consisting of two electrodes which are separated 

by a thin layer of ion permeable separator and immersed inside electrolytes. Usually, a rigid 

exterior package is used to hold the supercapacitors and prevent possible electrolyte leakage.
100
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Electrolyte is one of the most important elements for supercapacitors. There are mainly three 

types of electrolytes: aqueous, organic and ionic liquid electrolytes. Aqueous electrolytes, such 

as H2SO4, KOH, Na2SO4 and other salt aqueous solutions, provide a high ionic concentration and 

lower resistance than organic electrolytes. The higher ionic concentration and relatively smaller 

ionic radius allow supercapacitors containing aqueous electrolytes to have a high capacitance and 

high power. Additionally, the preparation of aqueous electrolytes is convenient and the cost is 

relatively low. However, due to the narrow voltage window of water, the major disadvantage of 

aqueous electrolyte is the small voltage window of about 1.2 V, which strongly limits its energy 

and power density. On the other hand, organic electrolytes can have a voltage window as high as 

about 3.5 V. Organic electrolytes are made from organic solvents (such as acetonitrile and 

propylene carbonate) and organic salts (such as tetraethylammonium tetrafluoroborate and 

triethylmethylammonium tetrafluoroborate). The issue of using organic electrolyte is that the 

preparation is strict since water contamination will significantly reduce its voltage window. Ionic 

liquids are molten salts at desired temperatures. The advantages of ionic liquid electrolytes are 

low vapour pressure, high thermal and chemical stability, low flammability and even a larger 

voltage window (2-6 V). Extensive efforts are made to improve the interface properties, 

temperature range and conductivity of ionic liquid electrolytes.
102, 104, 105

  

In additional to electrolytes, electrode materials strongly determine the performance of 

supercapacitors. Mainly, there are three kinds of electrode materials: metal oxides, conductive 

polymers and carbon materials. Metal oxide and conductive polymers are mainly used for 
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pseudocapacitors. Metal oxides can store energy through electrostatic adsorption and also exhibit 

electrochemical faradaic reactions between electrode and ions. Metal oxides for 

pseudocapacitors are electric conductive, have two or more oxidation states that coexist without 

any phase changes. Protons can intercalate into the oxide lattice on reduction. RuO2 is the most 

promising candidate. The specific capacitance can reach up to 720 F/g in H2SO4 electrolytes, but 

its high cost strongly limits its commercial applications.
106

 Some examples of conductive 

polymers includes polyaniline (PANI),
107

 polypyrrol (PPy)
108

 and 

poly(3,4-ethylenedioxythiophene) (PEDOT) .
109

 When oxidation occurs, ions are transferred to 

the polymer backbone. Ions are released from the backbone into the electrolyte solution when 

reduction happens.
110

 The specific capacitance of polyaniline can reach 775 F/g in H2SO4 at the 

sweep rate of 10 mV/s.
111

 Despite the high voltage window and storage capacity, long-term 

cyclic stability is a problem due to the swelling and shrinking of conductive polymers. One of 

the methods to overcome this problem is to cooperate conductive polymer nanostructures, such 

as PANI nanofibers, with carbon materials.
112

  

Carbon materials store energy in the electric double-layer at the interface between electrode and 

electrolyte, thus they are widely used for the assembly of EDLCs. Carbon materials are 

cost-effective, stable in a wide temperature range, chemically stable and have high specific 

surface area and good conductivity. Carbon materials can be produced from abundantly available 

organic materials, such as natural biomass, food waste and by-products of various industries.
104

 

The structure, pore and surface chemistry of carbon can be engineered. In this thesis research, the 
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opportunity of using barley protein based electrospun nanofibers into carbon materials for 

supercapacitor application was explored, which is an approach to open up the utilization of 

barley proteins in the energy industry.  

1.5.1.4 Advantage, applications and challenges of supercapacitors 

As compared with the other types of energy storage systems, such as batteries, fuel cells and 

conventional capacitors, supercapacitors exhibit some advantages. For example, since 

supercapacitors store electrical charges at the interface or the narrow layer near the surface of the 

electrode, the rate of charge-discharge process is not restricted to the ionic conduction into the 

electrode bulk. Thus, supercapacitors, especially, EDLCs have rapid charge-discharge rate and 

high power density. Since a relatively small amount of energy is lost in the form of heat during 

charge-discharge cycle, the efficiency of EDLCs is relatively high. Moreover, the low toxicity, 

safety, good cyclic stability and long shelf life are advantages of EDLCs.
102

 Therefore, 

supercapacitors can be widely used in many areas, such as electric vehicles, electrical tools, 

portable electronic devices, uninterruptible power supplies and other energy storage systems.
103

 

However, efforts are still needed to improve the energy density of supercapacitors, which are low 

(about 5 Wh/kg) as compared with batteries (>50 Wh/kg). Some of the excellent electrode 

materials for supercapacitors (such as RuO2) are too expensive to be commercialized. Also, 

industrial standards are still under construction.
102
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1.5.2 Design of carbon materials for supercapacitor electrodes 

Carbon materials store energy in the electric double-layer at the interface between electrode and 

electrolyte, indicating that the capacitance is determined by the surface area which is accessible 

to the electrolyte ions. The essential factors contributing to the capacitive performance of carbon 

materials include specific surface area, pore-size distribution, pore shape and structure, surface 

functionality and carbon structure. 

1.5.2.1 Surface area and pores of carbon materials 

Based on the model developed by Helmholtz in 1853, the capacitance of each EDLC electrode 

can be estimated according to the following equation 
113

: 

𝐶 =  
𝜀𝑟𝜀0𝐴

𝑑
 

where r and 0 is the dielectric constant of electrolyte and vacuum, d is the effective thickness of 

the double layer and A is the electrode surface area. Therefore, among all the factors, specific 

surface area and pore size are the two of the most important elements determining the 

capacitance of EDLCs.  

Generally, the increase of specific surface area leads to increased capacitance. Activation of 

carbon materials can increase the surface area by creating pores at the carbon surface and/or 

opening pores that are closed, clogged or obstructed.
114

 By using different carbon precursor and 

activation conditions (such as chemicals, temperature, activation time and gaseous environment), 

the porosity, pore structure and pore size can be controlled.
100

 Activation of carbon materials can 
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be done through physical or chemical treatments. Physical activation modified the carbon surface 

by controlled gasification and the elimination of volatile pyrolysis products. Usually, physical 

activation is conducted under oxidising gases such as steam, carbon dioxide, air or gas mixture at 

700 to 1000°C. No post-treatment is needed after physical activation. On the other hand, 

chemical activation is conducted at a temperature of 400 to 700°C with the assistance of 

chemicals such as phosphoric acid, zinc chloride and potassium hydroxide. The activation 

process involves the dehydrating action of these reagents. Carbon needs to be washed after 

activation to remove chemical residues.
100

 Over activation may result in thinner pore wall and 

lower strength of carbon materials. Another approach to increase pores are applying sacrificial 

templates, such as zeolites or silica.
115

 

However, the capacitance is not always proportional to the specific surface area, since not all the 

pores are accessible to electrolyte ions. The capacitance is also influenced by the relationship 

between the pore size and the effective size of ions. For aqueous and organic electrolytes, the 

effective ion size is larger due to the solvation shell. When the pore size is smaller than that of 

ion, ion sieving effect may happen.
116

 Interconnected 3D pore network with hierarchical pores 

consisting of macro, meso and micropores have attracted extensive attention in supercapacitor 

applications. Meso and micropores provide the carbon with high surface area resulting in a large 

capacitance. Meanwhile, the interconnected micro and mesopores facilitate rapid ion transport to 

ensure high rate capability by working as ion-buffering reservoirs and ion transport pathways.
117
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1.5.2.2 Surface chemistry of carbon materials 

In addition to tailoring the pore size and surface area, introducing pseudocapacitance at the 

electrode/electrolyte interface is another strategy to increase the capacitance of EDLCs. 

Pseudocapacitance comes from materials such as transit metal oxides, conducting polymers and 

heteroatoms on the surface of carbon.
104, 118

 Addition of heteroatoms into the carbon matrix, such 

as nitrogen, oxygen, boron and phosphorus, etc., is an efficient way to improve the capacitance 

of EDLCs through inducing faradaic reaction at the carbon surface without sacrificing the 

excellent characteristics of carbon materials such as good conductivity, high rate capability and 

excellent cyclic stability.
119, 120

 Nitrogen (N) is one of the most studied heteroatomes in 

optimizing carbon capacitance. Besides pseudocapacitance, nitrogen functional groups change 

the electron distribution of the carbon, which enhances the wettability between electrode 

materials and electrolytes.
119, 121

 Generally, there are two approaches to prepare carbonaceous 

materials rich in N. Firstly, N atoms can originate from the carbon precursor and become part of 

the chemical structure as a result of incomplete carbonization. Hair,
122

 and PPy,
123

 which are 

nitrogen-rich biomass and polymers, are used to prepare carbon materials for supercapacitor 

electrodes with nitrogen content of 5% and 10% as measured by X-ray photoelectron 

spectroscopy (XPS). Secondly, N can be incorporated onto the carbon surface through 

subsequent treatments, such as treating carbon materials with ammonia gas or ammonia 

solution,
124

 urea
120

 and/or nitrogen plasma.
125

 The post-treatment methods are less preferred due 

to the toxic gases released during the process and the limited amount of N-functional groups 
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introduced onto the carbon surface. For graphitic carbon, heteroatoms are located in two kinds of 

positions: center and edge carbon sites. Functional groups at edges are considered to be more 

reactive than those in the center as they are often associated with unpaired electrons.
100

 There are 

four configurations of nitrogen present in carbon structure, including pyridinic N (N-6), pyrrolic 

N (N-5), quaternary N (N-Q) and oxidized N (N-X).
126

 N-6 and N-5, which are usually 

considered to be located at the edge, are the main contributors to the pseudocapacitance by 

faradaic reactions. N-Q are more likely to be located at the center and can benefit the carbon 

electrode performance by enhancing its conductivity.
119

 

1.5.2.3 Carbon forms 

Various forms of carbon materials, such as activated carbon, carbon aerogels, graphite, carbon 

nanotubes, carbon fibers and carbon onion, have been studied extensively as electrode materials 

for supercapacitors.
127

 For example, activated carbon is the most widely used today due to its 

low cost and high specific surface area. Highly conductive carbon blacks are usually applied as 

conductive fillers in many battery and supercapacitor electrodes.
100

 Carbon aerogels are highly 

porous materials prepared by pyrolysis of organic aerogels. Sponge-like Carbon aerogels made 

from watermelon have 3D flexible structure and achieve 333 F/g with the assistant of Fe3O4 at 1 

A/g in 6 M KOH.
128

 

Continuous carbon nanofibers (CNFs) have shown potential to develop porous electrodes for 

supercapacitor electrodes which are cost-effective, flexible and property tailorable.
100

 Also, the 
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interconnected pores structure formed by CNF interlacement facilitates the transport of 

electrolyte. CNFs have low electrical resistance along the fiber axis, but the contact resistance 

between fibers can be an issue. Interconnected fiber webs can solve this problem by providing 

shorter and more continuous pathways for electron transport.
129

 CNFs can be derived from 

synthesis and/or natural polymers electrospun nanofibers such as PPy,
123

 PAN,
130

 lignin
131

 and 

cellulose
118

.  

Graphitic carbons are considered as all varieties of substances consisting of the element carbon 

in the allotropic form of graphite (sp
2
) irrespective of the presence of structural defects.

132
 

Carbon precursors decompose and eliminate volatile materials during carbonization. With 

increasing temperature, condensation reactions occur and local graphitic units begin to grow and 

become aligned into small graphitic-like microcrystallites, such as ‗graphene-like‘ nanosheets.
100

 

Graphitic carbon materials are justified by the detection of 3D hexagonal crystalline long-range 

order through diffraction methods, such as X-ray diffraction (XRD).
132

 Porous graphitic carbon, 

which is a promising supercapacitor electrode material, may present excellent features from both 

porous carbon and graphene. The porous structure can provide high specific surface area and 

increase the accessibility of electrolyte to the micropores while the graphitic structure endows 

the excellent intrinsic electrical conductivity in plane and low resistance pathways for ion 

transport.
133

 The porous carbon with partially graphitic nanostructures derived from resol showed 

excellent capacitance of 25 µF/cm
2
.
134
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1.5.3 Biomaterials as electrode materials for supercapacitor 

In recent years, there is a new trend in recycling natural and industrial wastes to produce carbon 

for energy storage systems.
127

 Biomass materials can be utilized as precursor of carbon materials. 

These biomasses can be carbonized under inert atmosphere and/or partially carbonized through 

hydrothermal carbonization methods to be converted into carbon materials. Then, through 

physical or chemical activation, the surface area and pore size distribution can be further 

improved.
135

 Carbon materials from biomass show excellent capacitance performance, for 

example, 400 F/g from dead leaves carbon
136

, 268 F/g from coconut.
137

 Most of these cases are 

based on lignocelluloses biomass, containing mainly lignin and polysaccharides (such as 

cellulose, hemicelluloses, starch, chitin and alginate). However, the research on the utilization of 

proteins, another important category of biomaterials, is still insufficient. Recently, several 

attempts have been made to employ protein based biomass to produce carbon materials for 

supercapacitors. For example, human hair,
122

 egg shell membrane,
138

 collagen,
139

 silk fibers
140, 

141
 and gelatine.

142
 The major advantage of using protein based biomass as a carbon precursor is 

that the large amount of nitrogen on the polypeptide chain can directly endow various nitrogen 

functional groups on the surface of the final carbon products without any further nitrogen doping 

process.  

After carbonization/activation processes, the intrinsic structures of biomass may be either 

preserved or lost.
135

 It is essential to engineer biomaterials to control the pore texture, structure 
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and surface chemistry of the final carbons. For example, Lai
131

 used electrospinning to turn 

natural alkali lignin into fibers network and successfully prepared free-standing and 

mechanically flexible carbon nanofiber mat. Wu et al.
128

 used watermelon to prepare 

carbonaceous aerogels containing both carbon nanofiber and nanospheres for supercapacitors.  

1.6 Hypothesis and objectives 

1.6.1 Summary of the key justifications of this research 

Barley is an ancient cereal grain, widely grown around the world. Once upon a time, barley was 

an important food grain in many areas, but nowadays, it evolved to a feed and malting grain.
16

 

Currently, 80% of the Canadian barley is used as livestock feed in the domestic market. 

Around10% of barley production is utilized as malt for beer and whisky production domestically 

and overseas. In recent years, there is a renewed interest in using barley as food ingredients due 

to the health benefits of bioactive compounds in barley grains, such as β-glucan, tocols and 

nonpolar lipids.
16

 Commercially available barley products include pot and pearled barley, grits, 

flakes as well as malt flours. Barley flour and cracked barley can be incorporated into bread and 

cake formulations.
143

 Additionally, barley products can be applied in breakfast cereals, stews, 

soups, porridge and baby foods.
16, 144

 Despite these, barley remains an underutilized cereal for 

human consumption.
2
 Following starch, proteins are the second major component in dried barley 

grains with a content of 8-15%.
2
 Due to the large production of barley, barley is an abundant 
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source of plant proteins. Thus, exploring human utilization of barley protein can add value to 

barley and bring more profit to the growers and processors.  

Hordeins and glutelins are the major protein components, contributing to 70-90% of total barley 

proteins. Hordeins are high in Gln, Pro and some hydrophobic amino acids, but low in charged 

amino acids, resulting in low water solubility.
9
 B-hordein, the major fraction of hordeins, 

contains a large repetitive domain with repetitive pattern of Pro-Phe/Tyr-Pro-Gln,
8
 resulting in 

an extended structure with a high amount of β-turns. Such a structure endows hordein with 

elasticity and tendency to build up intermolecular interactions, which may contribute to its 

interfacial behaviour and electrospinnability. 

Barley proteins were reported to have foaming, emulsifying, and encapsulating capacities. This 

can be explained by the high hydrophobic amino acid contents of hordein and glutelin, which 

makes them capable of adsorbing to the interface. Recently, microparticles from barley proteins 

have been developed in our group by a pre-emulsifying process followed by microfluidizing 

without using any organic solvent. Interestingly, hordein formed a solid coating on oil-water 

interface after high pressure homogenization, which protected the encapsulated neutraceutical 

from oxidation. This was different from that observed for emulsions prepared by globular 

proteins, where emulsions only formed soluble aggregates after high pressure treatment. This 

might be due to the strong tendency of barley protein molecules to develop intermolecular 

interactions at the interface through hydrophobic interactions.
35

 Thus, a cross-linking reagent 

was not needed to prepare solid barley protein microparticles. However, the detailed mechanism 
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was not investigated. In addition, these microparticles exhibited the ability to protect the 

encapsulated lipid phase in SGF and release them under SIF.
27

 This was unique as compared to 

other food protein based microparticles which degraded rapidly in SGF.
145-147

 These 

characteristics might be related to the interfacial properties of the major component B-hordein.
27

 

However, study on the interfacial properties of barley protein were still lacking. A better 

understanding on how barley proteins formed a solid coating at the interface and the correlation 

between protein interfacial behaviour and the particle digestibility will allow us to broaden the 

applications of barley proteins as well as to design emulsions/particles with desired digestibility. 

When particle sizes decrease from micro to nano-scale, some advantages may appear. For 

example, nanoparticles may improve the bioavailability of nutraceutical compounds. 

Nanoparticles allow prolonged compound residence time in the gastrointestinal tract and the 

surface available to interact with biological support increase. Also, nanoparticles have a higher 

chance to be taken up by cell.
148

 Therefore, it would be interesting to adapt this technology to 

create new nanoparticles from barley proteins for new or improved properties. However, 

nanoencapsulation system based on barley protein has never been reported. 

Another interesting value-added application for barley protein is converting hordein based 

electrospun nanofiber network into carbon nanofiber as electrode material for supercapacitors. 

As developed in our previous studies, hordein exhibited good electrospinnability and formed 

nanofibers through electrospinning without the addition of other synthetic polymers. Also, barley 

protein based nanofibers showed improved tensile strength and stability in water and ethanol 
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environment, which surpassed many other protein based electrospun nanofibers.
28, 92

 Hordein 

molecules unfold and have an extended and flexible structure in acetic acid, which helps the 

formation of intermolecular interactions and the generation of electrospun nanofibers.
93

 

Electrospun fibres are potential candidates to prepare carbon nanofibers for supercapacitor. Due 

to the growing market of electronic devices and energy management, there is an increasing 

demand of supercapacitor. Carbon electrode materials derived from electrospun protein fabric 

have at least three significant advantages: (1) high content of nitrogen originating from protein 

contributes additional pseudocapacitance to carbon surface; (2) the fibrous structure provides 

carbon hierarchical pore structure for electrolyte ion transport and low charge resistance along 

the fiber axis; and (3) proteins are renewable biomaterials. However, to our knowledge, such 

research is currently unavailable. 

1.6.2 Hypotheses 

In the light of these key points, this thesis research was conducted based on the following 

hypotheses: 

Hypothesis 1: B-hordein may form a solid like film at the air-water or oil-water interface upon 

compression. (Chapter 2) 

Hypothesis 2: Conformation and orientation of B-hordein can be changed upon compression to 

different surface pressures and these conformational changes may subsequently influence its 

susceptibility to pepsin degradation in the gastric tract. (Chapter 2) 
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Hypothesis 3: Barley protein may be converted to nanocapsules to incorporate lipophilic 

bioactive compounds by high pressure technique and such nanocapsules may protect 

nutraceuticals in harsh gastric juice and target deliver nutraceuticals to small intestine where they 

are absorbed. (Chapter 3) 

Hypothesis 4: Barley protein based electrospun fibers may be converted into nitrogen-doped 

porous carbon fibers and used as supercapacitor electrode materials. (Chapter 4 and 5) 

1.6.3 Objectives 

The overall objective of this research is to develop value-added applications of barley proteins. 

Special focue is placed on barley protein based nanocapsules as nutraceutical delivery systems, 

and carbon electrode materials derived from barley protein electrospun nanofibers for 

supercapacitor. This overall objective can be separated into 3 specific objectives: 

Objective 1: To study the interfacial properties of B-hordein and to investigate the 

conformational changes of B-hordein at the interface under compression in relation to the 

interfacial network degradation in SGF. (Chapter 2) 

Objective 2: To elaborate on barley protein based nanoparticles, to study the processing 

conditions on particle microscopic features and to evaluate their in vitro release profile, 

cytotoxicity and cellular uptake. (Chapter 3) 
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Objective 3: To develop barley proteins based electrospun nanofibers fabric and to convert them 

into N-doped carbon fibers with 3D interconnected hierarchical porous structure as electrode 

materials for supercapacitor. (Chapters 4 and 5) 
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Chapter 2 

Surface Pressure Affects B-hordein Network Formation at the Air-Water 

Interface in Relation to Gastric Digestibility 

2.1 Introduction 

Protein-stabilized foams, emulsions and micro/nano-encapsulation systems have received 

interest from food, personal care, pharmaceutical, petroleum and mining industries due to their 

remarkable biocompatibility and biodegradability.
64

 In addition, proteins can be modified to 

obtain various structural characteristics and physical properties to fit different applications.
64

 

Proteins can be adsorbed to the air-water or oil-water interfaces spontaneously due to their 

amphiphilic properties and thus reduce the surface tension. Upon adsorption to the air-water or 

oil-water interface, protein molecules tend to partially unfold and orient to expose their 

hydrophobic regions towards the air/oil phase, and their hydrophilic regions towards the water 

phase. As a result of intermolecular interactions, the adsorbed proteins can form a viscoelastic 

film which stabilizes the emulsion/foam against flocculation and coalescence.
64

 Both the 

conformation and orientation of protein play important roles in determining the properties of the 

protein stabilized foam, emulsion and micro/nanoencapsulations.
64

 For example, the 

conformation of α-lactalbumin at the interface can impact interfacial protein film thickness and 

subsequently the physical stability of emulsion.
149
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Emulsions and encapsulation systems with controllable enzyme degradation profiles are desired 

in many applications, such as controlled-release pesticides in agriculture, food delivery systems, 

and cosmetic and pharmaceutical products.
147

 Increasing interest has been paid to understand the 

degradation of emulsions in order to strategically design emulsions with different digestion 

profiles to accommodate various applications.
150

 For instance, Maldonado-Valderrama
59

 

highlighted that different conformations of β-lactoglobulin at the interfaces of 

tetradecane-in-water and olive oil-in-water emulsions may partially explain the different 

responses of these emulsions to gastric degradation. However, how protein conformation and 

orientation affect the digestibility of protein emulsions, in other words, the susceptibility of 

interfacial protein network to enzyme degradation are still not fully understood.  

The conformation and orientation of interfacial protein molecules can be modulated by process 

conditions.
64

 For example, high pressure technologies, such as microfluidization and 

homogenization, are widely used to produce industrial protein-based foams and emulsions.
64

 

However, basic understanding on how pressure impacts protein molecular structures and 

functionalities at the interface is still limited. Lee et al.
151

 showed that the secondary structures, 

especially β-sheets and α-helices, significantly changed subsequent to protein adsorption to the 

interface under high pressure homogenization. Under dynamic conditions, such as 

homogenization, when oil droplet and/or air bubble size decreases, proteins work in two steps at 

molecular level to facilitate the formation of foams or emulsions: first by stabilizing the newly 

formed air-water or oil-water interfaces and droplet structure, and second by rearranging the 
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molecular conformation to promote a network that inhibits air bubble or oil droplet 

coalescence.
64

 In current study, a Langmuir-Blodgett (LB) protein monolayer was used as a 2D 

model film to mimic the adsorption of protein molecules to the interface and the formation of an 

interfacial protein network. Also, this was a practical approach to investigate the protein 

conformation and orientation changes under mechanical pressure by applying physical stresses to 

the monolayer through compression of LB trough barriers.
77, 152

 During compression, the average 

molecular area decreased, and protein molecules got crowded, which resulted in strengthened 

interactions between neighbouring molecules at the interface.
153

 The setup of the LB trough was 

shown in Figure 2-1. 

 

Figure 2-1 Image of LB trough machine setup (biolinscientific.com). 1: frame; 2: barriers; 3: 

trough top; 4: surface pressure sensor; 5: dipping mechanism for sampling; 6: interface unit.  

Barley is one of the most important cereals on earth and hordein is one of the major endosperm 

storage proteins of barley grain. Due to high content of proline, leucine and valine, hordein is 

relatively hydrophobic and soluble in 70% ethanol.
8
 Hordein can be classified into 4 categories, 

i.e. B, C, D and γ-hordeins. B-hordein is the dominant group and comprises about 70% of barley 

prolamins.
8
 The amino acid sequence of B-hordein is composed of 5 distinguished domains, 
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including a non-repetitive N-terminal, a repetitive domain, a non-repetitive domain containing 5 

cysteine residues, a region high in glutamine residues and a C-terminal.
8
 Among them, the 

repetitive domain is the major part, composed of half of the amino acid residues. It was reported 

that hordein has excellent surface functional properties, such as foaming
154

 and encapsulating
26

. 

Wang et al.
27

 β-carotene micro and nanocapsules have been successfully prepared with hordein 

by high pressure homogenization. Interestingly, these hordein based micro/nanocapsules 

exhibited special characteristics, where hordein formed a solid coating on oil-water interface 

after high pressure homogenization and protect the encapsulated neutraceutical from oxidation. 

Moreover, the thin protein film attached to the oil droplet surface was resistant to pepsin 

digestion.
27, 155

 These characteristics might be related to the interfacial properties of the major 

component B-hordein. Thus, in current study, the behaviour of B-hordein at the interface was 

investigated systematically.  

It was hypothesized that the conformation and orientation of B-hordein would be changed upon 

compression of different surface pressures by LB-trough and these conformational changes will 

subsequently influence its susceptibility to pepsin degradation. The conformation and orientation 

of B-hordein films at the air-water interface were analyzed by polarization modulation - infrared 

reflection absorbance spectroscopy (PM-IRRAS). The use of LB-trough in combination with 

atomic force microscope (AFM) allowed the visualization the digestion process of interfacial 

protein network in simplified gastric environment.  
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2.2 Materials and methods 

2.2.1 Materials 

Barley grains (Falcon) were kindly provided by Dr. James Helm, Alberta Agricultural and Rural 

Development, Lacombe, Alberta. Hordeins were extracted from barley grains (Falcon) using an 

ethanol solution according to a procedure reported elsewhere.
18

 In brief, barley flour was 

defatted by hexane before treated with 70% (v/v) ethanol at 60°C. The supernatant of ethanol 

extraction was stored at -20°C to precipitate hordein. Hordein was collected by centrifugation 

and dried at room temperature (25°C). Pepsin (from porcine gastric mucosa, 424 U mg
-1

) was 

purchased from Sigma-Aldrich Canada Ltd (Oakville, ON, Canada). Ultrapure water, purified by 

a Milli-Q Advantage A10 system (EMD Millipore Corporation, MA, USA), was used to prepare 

buffers. All other chemicals were from Fisher Scientific (ON, Canada) and used as received 

unless otherwise specified.  

2.2.2 B-hordein extraction 

B-hordein was isolated from the extracted hordeins by a protein purification system (Gilson PLC 

2020,WI, USA) on a Zorbax 300SB-C8 semipreparative column (4.6 X 250 mm) with a linear 

gradient mixture composed of 0.1% trifluoroacetic acid (TFA) in water and 0.1% TFA in 

acetonitrile.
156

 The acetonitrile and TFA in the collected fraction were removed by rotary 

evaporation at 60°C. The isolated sample was freeze-dried and characterized by polyacrylamide 
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gel electrophoresis (PAGE). Only one narrow band was observed in SDS-PAGE. The band was 

compared with the previous work of Shewry 
157

 and verified as B-hordein.  

2.2.3 Surface tension 

The surface tension of B-hordein adsorbed to the air-water interface was measured by the 

pendant drop technique with an automatic drop tensiometer (Ramѐ-Hart Instrument Co., NJ, 

USA) using a method similar to a previous report.
158

 The drop profile was fitted to the 

Young-Laplace equation to obtain the surface tension γ.  

2.2.4 Interfacial dilatational rheology 

The interfacial dilatational rheology was measured with the same tensiometer aforementioned 

equipped with an automatic dispensing system (Ramѐ-Hart Instrument Co., NJ, USA). B-hordein 

suspensions of different concentrations (0.01, 0.1 and 1 mg/mL) were filled into the tube and 

needle of the dispensing system. Sinusoidal interfacial area alteration was conducted by precisely 

controlling the droplet volume. In order to study the change in interfacial dilatational rheology as 

a function of time, the amplitude and the frequency of the oscillation were fixed as 0.5 μL and 

0.1 Hz, respectively. The dilatational modulus (Ed) was calculated by the following equation: 

Ed = dγ/dlnA = E'+iE'' 

where A is the area and γ is the surface tension of the interface. The storage modulus (elastic 

modulus, E') is the real part of the dilatational modulus and the loss modulus (viscous modulus, 
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E'') is the imaginary part. The measurements of surface tension and the dilatational rheology 

were performed at room temperature. 

2.2.5 Interfacial shear rheology 

The air-water interfacial shear rheology of B-hordein was measured using a rheometer (HR-3, 

TA instrument, Delaware, USA) equipped with a Du Noüy ring (a platinum ring with a 19 mm 

inner diameter and 19.8 mm outer diameter). The interfacial oscillatory shear measurements 

were conducted according to a method reported previously.
53

 In brief, 20 mL of the B-hordein 

suspension (1.0 mg/mL) was added to a cylindrical glass dish and the Du Noüy ring was placed 

at the air-water interface with caution. Experiments were conducted at a constant frequency of 

0.1 Hz, and the strain was set at 1%, which was within the linear viscoelastic range. The storage 

modulus (G') and the loss modulus (G'') were not dependent on the strain amplitude. The phase 

lag δ was defined as tan(δ) = G''/G'. The measurements lasted for 2 h and the temperature was 

kept at 25°C. A plastic cover was used to avoid possible water evaporation. 

2.2.6 Surface pressure – area (π-A) isotherm and interfacial protein film deposition  

A Langmuir-Blodgett Deposition Trough (KSV NIMA Biolin Scientific, Espoo, Finland) was 

used to measure the π-A isotherm of B-hordein at air-water interface and to deposit the protein 

films. The surface of the trough was 98 cm
2
. The surface pressure was monitored using the 

Wilhelmy plate method. Surface pressure (π) was defined by the following equation: π = γ0 – γ, 

where γ0 is the surface tension of the subphase without contamination and γ is the surface tension 
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of the subphase loaded with protein solution.
49

 B-hordein was dissolved in 70% ethanol solution 

with 10 mM acetic acid to obtain a concentration of 1 mg/mL. Using ethanol solution helps to 

spread B-hordein molecules evenly at the subphase surface and form a monolayer in LB 

experiments. Phosphate buffer (50 mM, pH 7.0) filtered using a 0.22 μm filter was used as 

subphase. The cleanliness of the subphase surface was checked and confirmed by compressing 

the surface with the compression barriers and monitoring the surface pressure. If the surface 

pressure is below 0.3 mN/m, the subphase meets the cleanliness requirement. To measure the 

π-A isotherm, system temperature was maintained at 25˚C. The protein solution was spread to 

the air-water interface by using a 50 μL microsyringe (Hamilton, Reno, USA) following a 

well-established method.
159

 The injected volume of protein solution was adjusted to obtain three 

different surface pressures including 10, 20 and 30 mN/m.
160

 The system was allowed to 

equilibrate for 15 min before the film was compressed at a constant rate of 3 mm/min (equal to 

1.5 cm
2
/min). The molecular weight of B-hordein is 14.5 kDa which was used to calculate the 

area per molecule.
8
 After equilibrating at selected surface pressure for 15 min, the surface protein 

film was deposited onto a freshly-cleaved mica surface or gold coated slides (100 nm thick gold 

coating, Sigma-Aldrich Canada Ltd, ON, Canada) under constant surface pressure condition for 

further measurements.  
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2.2.7 In situ digestion 

The in situ digestion was conducted using the same Langmuir-Blodgett Trough at 37˚C. The 

surface protein films were first compressed to selected pressures, and the systems were allowed 

to equilibrate for 0.5 h. During this period, the LB barriers were controlled by the computer 

software to maintain a constant surface pressure. Then, 1 M HCl was used to adjust the pH of 

subphase to 2.0. The system was equilibrated for another 0.5 h, and then 20 μl pepsin (1% w/v) 

was added to the subphase to initiate the digestion test. All the additions were applied carefully 

using a microsyringe into the aqueous subphase outside the protein film region confined by the 

two LB barriers to avoid possible disturbance of the protein film. The surface pressure changes 

during the digestion process were recorded in real time. The protein film at the air-water 

interface was sampled after 1 h digestion by depositing it onto mica using the method 

aforementioned. 

2.2.8 Atomic force microscopy (AFM) 

The surface morphology and roughness of interfacial protein films before and after digestion 

were characterized by an MFP-3D AFM (Asylum Research, Santa Barbara, USA) in air. The 

imaging was carried out in Tapping Mode so as to minimize possible surface damage due to the 

scanning of AFM tip across sample surfaces. The deposited LB protein films were air dried at 

25°C before AFM characterization. To demonstrate the reproducibility of AFM results, each 

experiment was repeated three times. At least three images were taken from the same protein 
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film. Images were analyzed by the software of Asylum Research Igor Pro 6.32A. The particle 

sizes were measured and analyzed by ImageJ software. Particles (n=100) were randomly selected 

from each image to obtain the particle size. Data were presented as mean ± standard deviation (n 

= 100). 

2.2.9 Polarization modulation - infrared reflection absorbance Spectroscopy (PM-IRRAS) 

Protein conformation at the interface was studied by PM-IRRAS spectra, recorded using a 

photoelastic modulator (HINDS PEM-90, Hillsboro, USA) in conjunction with a Fourier 

transform infrared (FTIR) spectrometer (Thermo Scientific Nicolet 8700, MA, USA). The 

detector used in all measurements was liquid nitrogen-cooled HgCdTe (MCT) detector with 

recommended range between 4000 cm
-1

 to 650 cm
-1

. The PEM-90 was set to a wavelength of 

1700 cm
-1

 and half-wave retardation (λ/2) of 0.5. The incident laser beam angle was adjusted to 

83˚. Dual channel-double modulation experiment was used in this study, in which two signals, 

one for the sample and one for the environment were collected spontaneously. B-hordein protein 

interfacial film was deposited onto the gold coated slide and dried in air for PM-IRRAS 

measurement. A bare gold coated slide was applied as a reference. Each sample was scanned 

1600 times at a resolution of 8 cm
-1

. The amide I band was analyzed by the curve-fitting function 

of the PeakFit software (Systat Software, Inc., CA, USA). A linear baseline was drawn between 

1760 and 1590 cm
-1

. The deconvolution was conducted by using Gaussian Lorentzian functions 

with an iterative linear least-squares algorithm.
74

 First, peak widths and positions were fixed and 
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the intensities were allowed to change until best estimation was achieved. Then, widths, 

positions and intensities of all peaks were allowed to vary simultaneously. The fitting was 

continued until an iteration resulted in a decrease in the least-squares error of less than 5% 

compared to that of the previous iteration.
161

 The deconvoluted component peaks were assigned 

to specific protein secondary structures and the integrated area of the peak was proportional to 

the percentage of the specific secondary structure presented in the protein. 

2.2.10 Statistical analysis 

All experiments were performed at least in three independent batches. The percentages of the 

secondary structure elements of B-hordein and the average size of B-hordein were presented as 

mean ± standard deviation. 

2.3 Results and discussion 

2.3.1 The interfacial properties of B-hordein 

The interfacial properties and intermolecular interactions of B-hordein play important roles in the 

formation of foams and emulsions for various applications, which have been systematically 

investigated, for the first time, in this work.  

2.3.1.1 Surface tension  

The adsorption of proteins to air-water or oil-water interface is concentration and time 

dependent.
53

 As shown in Figure 2-2 A, the evolution of surface tension as a function of time 
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was measured for B-hordein suspensions of three different concentrations (i.e. 0.01, 0.1 and 1.0 

mg/mL). For the 0.01 mg/mL suspension, a lag phase was observed in the first 10 min as a result 

of limited amount of B-hordein diffusing from the bulk solution to the air-water interface.
43

 

Afterwards, the surface tension decreased slowly and a steady state was not reached even after 

120 min, indicating that the air-water interface was not saturated with B-hordeins.
162

 At higher 

protein concentrations (0.1 and 1.0 mg/mL), the surface tension dropped rapidly to 64 and 50 

mN/m, respectively, within the first 20 min, followed by a mild decrease until 70 min, and then 

levelled off. The initial stage corresponded to protein adsorption, whereas the second phase of 

decrease was mainly caused by conformational changes of the adsorbed B-hordein to adjust to 

the interface 
43

 and/or the development of multi-layers of B-hordein.
163

 The adjustment of protein 

structure and orientation at the interface allows protein molecules to interact with each other and 

build up a 2-D network, which stabilizes the air-water interface.
43

 At a protein concentration of 

1.0 mg/mL, the surface tension reached 48 mN/m after 2 h. The ability of B-hordein to reduce 

the air-water surface tension was comparable to other proteins known as good emulsifiers, such 

as β-casein, lysozyme and β-lactoglobulin.
44, 158, 164
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Figure 2-2 (A) Time evolution of the surface pressure of B-hordein of different concentrations at 

the air-water interface; (B) time evolution of the interfacial dilatational storage modulus E‘ (solid 

symbols) and loss modulus E‘‘ (open symbols) for 1.0 mg/mL and 0.1 mg/mL B hordein 

suspensions; (C) time evolution of the interfacial shear storage modulus G‘ and the tan(δ) for 1.0 

mg/mL B-hordein suspension; (D) surface pressure-molecular area (π-A) isotherms at 25°C at 

three different loading amounts of 1.0 mg/mL B-hordein solution (10, 20 and 30 μL). Inset is the 

compression coefficient-surface pressure (β-π) plot for B-hordein. 

2.3.1.2 Interfacial rheology  

The interfacial rheology has been used to quantify the mechanical properties of adsorbed 

emulsifier layers at fluid interfaces. During the dilatational rheology measurement, protein 

molecules that adsorb onto the interface undergo compression and expansion deformation. 

Measurement of the response of interfacial protein network to such dilatational compression and 
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expansion can reveal the intrinsic stiffness.
32

 Also, the conformation and arrangement of protein 

molecules at the interface can be inferred by dilatational rheology.
55

 At the concentration of 0.01 

mg/mL, the E' and E'' values were not stable and fluctuated between 0 to 20 mN/m, suggesting 

that a mechanically elastic interfacial protein network did not yet completely develop (data not 

shown).
165

 At the concentration of 0.1 and 1.0 mg/mL, both the storage and loss modulus 

increased rapidly within 20 min (Figure 2-2 B), reflecting a quick rearrangement of B-hordein 

molecules and development of intermolecular interactions at the interface.
32

 The loss modulus 

was similar to the storage modulus in the first 5 min. Then the storage modulus increased quickly 

and surpassed the loss modulus, whereas the loss modulus remained at a relatively low level, 

indicating that the B-hordein interfacial films were weakly energy dissipative and predominantly 

elastic.
166

 The rapid increase of the storage modulus in the first 15 min further confirmed the 

rapid adsorption of B-hordein onto the interface and the development of a densely packed protein 

network by intermolecular interactions.
167

 The dilatational storage modulus continuously 

increased over 120 min. This stage was reported to be related to the orientation, unfolding and 

further aggregation of the protein molecules at the interface, which resulted in a strengthened 

interfacial B-hordein network.
168

 After 120 min of oscillation, the dilatational storage modulus 

reached 74 and 77 mN/m for 0.1 and 1.0 mg/mL B-hordein, respectively. In comparison to many 

other proteins, such as soy proteins
169

, bovine serum albumin
55

, gliadin
158

 and β-lactoglobulin
170

, 

the elasticity of B-hordein interfacial film ranked among the greatest. This suggests that 
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B-hordein may possess a relatively rigid internal structure and/or develop stronger 

intermolecular interactions at the interface.
55

 

B-hordein suspension at the concentration of 1.0 mg/mL was selected for the interfacial shear 

rheology study because it can form an elastic 2D network at the interface as shown by the 

dilatational rheology. As shown in Figure 2-2 C, the storage modulus of B-hordein protein film 

increased rapidly over 2 h. The storage modulus was predominantly larger than the loss modulus 

throughout the whole measurement time range. Also the tan (δ) value remained low, supporting 

the conclusion that the elasticity dominated the rheological property of the interfacial protein 

film. For ideal elastic behaviour of an interface, tan (δ) equals to zero. For B-hordein, value of 

tan (δ) decreased from 0.45 to 0.26, indicating that the protein network at the interface became 

stiffer and more elastic as the aging time extended. As a comparison, the network of β-casein 

formed at the air-water interface with a lower shear storage modulus and large tan (δ), was 

described as a more viscous ―gel-like‖ structure.
162

 Due to its high elasticity, the B-hordein 

interfacial network would be considered as a ―solid-like‖ film.
171

 This may be due to the 

formation of a network through non-covalent intermolecular interaction such as hydrogen 

bonding and hydrophobic interactions.
172

 This is in accordance with the findings of Wang et al.
35

 

that hordein exhibited solid-like behaviour at the water-oil interface, although the stress used in 

the interfacial shear rheology measurement was significantly less than that employed during a 

real emulsification process.  
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2.3.1.3 π-A isotherm  

The π-A isotherm obtained by the Langmuir-Blodgett trough experiment provided valuable 

insight into the structural characteristics and the molecular interactions of B-hordein films.
173

 

Physical stress was applied to the protein film at the interface through constant compression of 

the trough barriers. Consequently, the conformational changes and the intra/intermolecular 

interactions induced by this mechanical stress would be indicated by the slope changes of the 

π-A isotherm. The π-A isotherm might be used to interpret the corresponding behaviour of the 

protein under dynamic conditions such as high pressure treatment.
152, 153, 174

 

As presented in Figure 2-2 D, three regions were observed on the B-hordein π-A isotherm. By 

comparing the three π-A isotherms obtained by loading with different amounts of B-hordein (1.0 

mg/mL, 10, 20 and 30 μL), the corresponding molecular area regions of the three isotherms 

coincided. This meant that no or only very small amount of B-hordein was lost to the bulk 

solution upon spreading and compression. The high surface hydrophobicity of B-hordein 

contributed to its low solubility in water and high affinity to the interface.
174

 For proteins with a 

high solubility, it is difficult for the protein to be spread to the interface without much loss into 

the subphase and get a true area/molecule value.
175

 As shown in Figure 2-2 D, in the first region, 

the molecular area decreased significantly, while the surface pressure just slightly increased. In 

this low surface pressure region, each protein molecule occupied a large area at the interface. 

Upon further compression, the surface pressure rose rapidly from 10 to 25 mN/m in the second 

region where B-hordein molecules switched from an expanded liquid phase to a condensed 
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liquid phase 
176

. This is in agreement with the model built up previously, suggesting that 

molecules experienced several phases upon compression, from gaseous phase at large molecular 

area to liquid expanded, liquid condensed, solid and collapsed phases at highly condensed 

molecular area.
177

 Furthermore, another slope change was observed upon continuous 

compression to above 27 mN/m on the B-hordein π-A isotherm. In order to better characterize 

this phase transition, the surface compressibility was introduced. The compressibility coefficient 

β of the B-hordein interfacial film at a constant temperature (T) was calculated from the π-A 

isotherm according to the following equation
178

: 

𝛽 =  −
1

𝐴
 × (

𝛿𝐴

𝛿𝜋
) 

By plotting the β-π curve (inset of Figure 2-2 D), the phase transition can be better displayed. 

The peaks at about 27 mN/m on the β-π curve represented the largest compressibility of the 

protein film, which may be attributed to the alteration of the protein structure and maximization 

of the intermolecular interactions.
175

 This phase transition to a more solid-like structure of the 

B-hordein interfacial film is correlated to high storage modulus and low tan (δ) value of the 

adsorbed protein film as exhibited in the abovementioned interfacial shear rheology results. 

Langmuir
159

 interpreted this change as the transition from liquid film to a gel-like solid film. This 

phase transition was not commonly found in protein emulsifiers. For example, the interfacial 

protein film collapsed upon further compression after condensed liquid phase for bovine serum 

albumin
173

 and ovalbumin.
175

 High molecular-weight wheat glutenin subunit 1D×5 monolayer at 

the air-water interface was another plant protein showing a similar phase transition.
174

 But, the 
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B-hordein provided a much higher surface pressure than the wheat glutenin subunit 1D×5 at a 

similar area per molecule, indicating that B-hordein was more surface active and had the 

capacity to rearrange and interact with each other to adapt to very small molecular area.
179

 

2.3.2 B-hordein orientation and conformation at the interface by PM-IRRAS  

The alteration of protein conformation and susceptibility of the protein film to pepsin digestion 

maybe correlated; however, more information is needed to understand the details of such a 

mechanism.
58

 The surface selection rule leads to the high sensitivity of PM-IRRAS to the 

orientation of the transition moment at the interface, which makes it suitable to analyze the 

conformation and orientation of the interfacial protein molecules.
74, 75

 Thus, PM-IRRAS was 

employed to monitor the B-hordein conformation and orientation changes at the air-water 

interface under different surface pressures.  

Figure 2-3 showed the PM-IRRAS spectra (1800-1400 cm
-1

 and the amide I band) with fitted 

deconvoluted peaks. The percentage of each component and their correlated secondary structures 

were summarized in Table 2-1. B-hordein PM-IRRAS spectra exhibited three major bands from 

1800 to 1400 cm
-1

, referring to the amide I (1700-1600 cm
-1

), amide II (1600-1500 cm
-1

) and CN 

vibration band (1500-1400 cm
-1

). The band at 1450 cm
-1

, which had similar intensity as amide II, 

was not commonly found in protein IR spectrum. According to previous studies based on gliadin 

and polyproline,
77, 180

 this band could be assigned to the CN vibration in proline residues due to 

the high proline content of B-hordein (~18%).
8
 Due to the surface selection rule, the transition 
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moments lying parallel to the surface plane show positive bands while the perpendicular 

transition moments contribute to the negative bands.
77

 Thus, the positive bands of B-hordein 

films were attributed to the amide chains lying parallel to the interface. Due to the selection rules, 

in PM-IRRAS spectra, the intensity ratio of amide I and amide II is sensitive to the protein 

orientation because the dipole moments of these two bands are approximately perpendicular to 

each other.
181

 For the B-hordein interfacial film, the intensity ratio of amide I/II decreased from 

6.17, 5.14 to 4.15 upon compression from 10 to 30 mN/m. The low intensity of amide II band 

and the high amide I/II ratio was not commonly found among spectra reported for other proteins. 

The only comparable example was α-gliadin whose amide I/II ratio was reported to be 7.
77

 The 

contamination of TFA might contribute to the intensity of amide I. However, most of the TFA 

was removed from B-hordein sample before freeze-drying by evaporation. The low intensity of 

amide II band might be explained by the reason that α-helix structure orientated flat and parallel 

to the surface plane when in expanded liquid phase.
182

 
183

 Upon compression, the α-helix tilted 

towards the normal of the surface, leading to a decrease of the amide I/II ratio. The change of the 

amide I/II ratio showed that the interfacial protein molecules rearranged to adapt to the 

environment with low molecular surface area and high surface pressure. Additionally, the 

shadow shoulder at 1585 cm
-1

, corresponding to the antisymmetric COO- stretching vibration in 

the glutamic acid residue (Glu) side chains, strongly decreased when the protein film was 

compressed to 30 mN/m.
184

 The decrease revealed that the glutamic acid residue may tile 

towards the perpendicular position of the plane of the air-water interface.
78

 This also indicates 
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that the interfacial B-hordein molecules changed their orientation to adapt to the smaller 

molecular area upon compression. Notably, the glutamic acid residues, which are hydrophilic, 

are more likely to be exposed towards a hydrophilic environment, the aqueous phase. This may 

result in energy reduction and stabilization of the air-water interface.  
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Figure 2-3 PM-IRRAS spectra of B-hordein at the air-water interface: 10 mN/m, 20 mN/m and 

30 mN/m. Inset shows the deconvolution of amide I band. 
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Furthermore, the peak located at 1510 to 1514 cm
-1

 was assigned to the tyrosine (Tyr) ring 

vibration, which continuously decreased as the surface pressure increased. A decrease in this 

peak showed that the tyrosine ring might orient towards the normal of the air-water interface. 

Also, the shoulder at around 1491 cm
-1

, assigned to the tryptophan (Trp) residues (the C=C 

stretching vibration coupled with C-H bending vibration), decreased under compression to 20 

and 30 mN/m.
78

 As mentioned above, Tyr and Trp residues are located in the repetitive domain
8
 

which is the major part of B-hordein. The movement of the Tyr and Trp may be an indicator of 

the reorientation of the major repeated sequence. Due to the hydrophobic nature of the repetitive 

domain,
8
 it is not likely to be exposed to the aqueous phase.

34
 It might either be covered by the 

hydrophilic amino acid region or tiled from the air-water interface to the air phase.
78
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Table 2-1 Percentage of the deconvoluted amide I band components and their corresponding 

secondary structures of B-hordein at air-water interface. Data were presented as mean ± standard 

deviation (n=3). 

Peak assignment information was from references 77, 181, 185. 

 

 

  

B-hordein 10 mN/m B-hordein 20 mN/m B-hordein 30mN/m 
Peak 

assignments
 

Position/cm
-1 

Percentage/% Position
 

Percentage Position
 

Percentage  

1620-1624 2.9 ±0.8 1617-1622 2.0±0.4 1616-1619 3.0 ±0.3 β-sheets 

1635-1638 9.1 ±0.9 1635-1637 8.9±0.1 1634-1635 9.8±1.3 β-sheets 

1652-1655 12.2±0.4 1651-1652 16.0 ± 1.0 1652 15.2 ±1.7 
α-helix/ 

unordered 

1666 26.5±2.1 1666-1667 19.9±3.3 1667-1668 21.2±0.3 β-turns 

1681-1683 28.7±1.6 1682-1683 38.3±3.2 1682-1685 40.6±2.9 
β-sheets/ 

β-turns 

1692-1695 14.2±1.4 1689-1693 12.9±0.1 1693 6.2 ± 1.0 
β-sheet/ 

β-turns 

1734-1734 6.5 ±2.5 1723-1743 1.9±1.3 1724-1725 4.0±0.3 
Glu side 

chains 
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The deconvoluted amide I region of B-hordein gained from the air-water interface possessed 7 

major bands: 1617 cm
-1

 (β-sheet), 1632 cm
-1

 (β-sheet), 1650 cm
-1

(α-helix), 1666 cm
-1

 (β-turn), 

1682 cm
-1

 (β-sheet), 1693 cm
-1

 (β-sheet/β-turn) and 1720 cm
-1

 (the Glu side chain).
77, 181, 185

 The 

major bands for B hordein at the air-water interface were at 1682 and 1666 cm
-1

, which were 

assigned to β-sheets and β-turns, respectively. When surface pressure was changed from 10 to 20 

mN/m, a significant decrease in β-turn (26.5 to 21.2%) was observed. High percentage of turn 

structure indicates a low folded-status of protein molecules.
77

 Thus, this suggests that the protein 

might refold progressively under compression. The slight increase in the α-helix structure (12.2 

to 15.2%) also indicated that the B-hordein was re-organized upon adsorption at the interface. 

Meanwhile, the peak assigned to β-sheet/β-turn at around 1680 cm
-1

 had a substantial increase 

from 29% at 10 mN/m to 41% at 30 mN/m. Anti-parallel β-sheets contributed to the split peaks 

at 1619 and 1680 cm
-1

 while the peak at 1630 cm
-1

 was due to the parallel β-sheets.
186

 Short 

peptide segments of twisted or coiled β-sheet strands or small β-hairpin structures rather than 

extended anti-parallel β-sheets contribute to the 1680 cm
-1

 peak.
187

 B-hordein with a large 

amount of proline is likely to form turns rather than large extended β-sheets because the proline 

side-chain is locked into a small ring that restricted flexibility, and it bent back again to the main 

chain.
188

 However, short β-sheets could still be developed between turns and contribute to the 

re-organization of protein molecules at the interface upon compression. The peak at 1680 cm
-1

 

was also referred to intermolecular β-sheets as reported previously.
77, 151

 Development of such 

interactions upon protein adsorption at the interface contributed to the growth of a homogenous 
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and elastic 2D protein film at the interface.
151

 The increase of β-sheets was also observed for 

lysozyme when compressed from 1 to 20 mN/m, changing from liquid expanded phase to liquid 

condensed phase.
78, 189

 The amount of β-sheets developed in lysozyme monolayer during 

compression was less than that in B-hordein. The dilatational modulus and the shear modulus of 

the lysozyme interfacial film was also less than those of B-hordein at the same concentration.
53

 

From these two results, it was deduced that the interaction developed by intermolecular β-sheets 

could be one of the most important factors contributing to the interfacial properties of the protein 

monolayer. These conformational changes allowed interfacial B-hordein to develop 

intermolecular interactions, which subsequently contributed to the formation of elastic ‗solid-like‘ 

B-hordein interfacial films. 

2.3.3 The morphology of B-hordein at the air-water interface 

2.3.3.1 The morphology  

AFM was employed to observe the morphology of the B-hordein films formed and deposited at 

different surface tensions (Figure 2-4). The protein film deposited at 10 mN/m showed 

homogeneous morphology. B-hordein molecules showed disc-like structure and the average size 

was 20.1 ± 4.5 nm (mean ± standard deviation). B-hordein molecules were apart from each other. 

According to the result of π-A isotherm, the protein film at 10 mN/m was still at expanded liquid 

region, so the film was not compact yet. At 20 mN/m, protein film started to become compact 

and protein aggregates were observed due to a decrease in the surface area. The protein  
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Figure 2-4 AFM images of the B-hordein films formed at 10, 20 and 30 mN/m after incubation at 

pH 7.0 (25˚C), pH 2.0 (37˚C) and in simulated gastric fluid (SGF, pH 2.0, 37˚C and pepsin). The 

scale bar is 100 nm. The AFM images exhibit vertical brightness ranges of 1.1 nm in this study. 

aggregates were not connected to each other, confirming that the protein film was within 

condensed liquid region.
190

 At 30 mN/m, the protein film became uniform, but much more 

compact with a low root-mean-square (rms) roughness of 0.2 nm. The low roughness of the 

protein film indicated that the protein film had a homogeneous height. Protein molecules were 
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more closed to each other. Collapse and wrinkle were not observed. The compact protein 

network corresponded to the phase transition from condensed liquid to solid-like film as shown 

in the π-A isotherm, which may also explain the high storage modulus showed by interfacial 

dilatational and shear rheology properties.  

2.3.3.2 In situ digestion of the B-hordein films 

The gastric environment (acidic pH, body temperature and pepsin enzyme exposure) may 

strongly modify the structure and integrity of the interfacial protein film. This may consequently 

influence the stability of the emulsion.
64

 A major challenge to use protein stabilized emulsions as 

oral delivery systems is that they are prematurely degraded by gastric enzymes before reaching 

their absorption site. Firstly, the in situ digestion was conducted at pH 2.0 and 37
o
C without 

pepsin. After 1 h incubation, morphology of the protein film prepared at 10 mN/m underwent 

significant changes. Some areas lower in height as indicated by darker color appeared on the 

AFM image. In AFM topographic images, the color corresponds to the vertical height. In this 

study, the topographic images exhibited vertical brightness ranges of 1.1 nm. One of the possible 

reasons for these phenomena may be the loss of protein molecules from the interface due to 

increased B-hordein solubility when the pH of the subphase was 2.0, which was far from the 

isoelectric point (pI) of hordein (pI is about 5.6).
174

 The height and roughness of the interfacial 

protein film prepared at 20 mN/m remained similar as to those at pH 7.0. The particle size and 

height of the protein film prepared at 30 mN/m did not change significantly. By comparing films 
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incubated at pH 2.0, the B-hordein films formed at higher surface pressure were more resistant to 

gastric pH. As mentioned above, upon compression to 30 mN/m, the limited space between 

adjacent adsorbed B-hordein molecules allowed the building up of intermolecular interactions, 

which outstrip the electrical repulsion of charged amino acid residues at pH 2.0.
187

 Moreover, the 

connections between molecules restricted the protein conformation and orientation change, 

which made B-hordein hardly dissolved in low pH buffer.
187

 

Samples were further tested in the simulated gastric fluid with pepsin. As shown by AFM, 

protein film prepared at 10 mN/m changed after 1 h of incubation in SGF with pepsin. By 

comparing the B-hordein film incubated at pH 2.0 and in SGF, the pepsin digestion likely 

occurred. The rms roughness of the remaining protein film increased from 2.2 to 2.5 nm, 

indicating that the protein molecules might have slightly rearranged and stacked together to 

become more condensed. The protein films prepared at 30 mN/m remained uniform and compact 

after being treated with SGF. This suggests that B-hordein films compressed at a higher surface 

pressure were resistant to pepsin digestion even at relatively small thicknesses. As mentioned 

above, the hydrophobic domain of B-hordein tended to avoid the water phase upon compression, 

thus was ―locked‖ in the compact solid-like film networks, which limited the accessibility of 

pepsin to the hydrophobic repetitive region.
191

 Since pepsin was reported to preferentially bind to 

the hydrophobic site on the peptide before hydrolysis,
192

 the digestion activity of pepsin on the 

protein film prepared at high surface pressure was inhibited.  



73 

2.4 Conclusions 

In this work, the surface activities of B-hordein were systematically investigated for the first time. 

A B-hordein suspension could reduce the air-water surface tension rapidly to ~45 mN/m and 

form a solid-like coating at the interface. As compared to some other food proteins reported in 

the literature (such as soy proteins and whey proteins), the interfacial B-hordein film had high 

elasticity and compressibility. This made B-hordein a promising emulsion or foam stabilizer. 

Also, it is the first example to reveal how compression impacts protein interfacial network 

formation in relation to protein digestibility. When compressed from 10 to 30 mN/m, large 

amount of intermolecular β-sheets was developed, which contributed to the formation of the 

elastic B-hordein film at the interface, resulting in a low digestibility at stomach pH. Also, the 

major hydrophobic repetitive section of B-hordein titled away from the aqueous phase, which 

decreased its affinity to pepsin binding and reduce pepsin digestion. Thus, when compressed at 

30 mN/m, a very strong elastic network was formed at the interface resistant to harsh gastric 

environment. B-hordein has the potential to develop encapsulations of bioactive compounds 

capable of bypassing the stomach intact and reaching small intestine for absorption. Generally 

speaking, the findings of this study can be widely applied in various industries to better utilize 

proteins as natural emulsifiers and micro/nano-encapsulation materials to obtain desired 

properties. 
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Chapter 3 

Elaboration and Characterization of Barley Protein Nanoparticles as an Oral 

Delivery System for Lipophilic Bioactive Compounds 

3.1 Introduction 

Increasing scientific evidence has shown that bioactive compounds, such as polyunsaturated fatty 

acids, phytosterols, carotenoids and vitamins, have the potential to reduce the risk of chronic 

diseases and improve public health. Their efficacy depends on the dose, the preserved biological 

activity and the bioavailability.
193

 However, many lipophilic bioactive compounds exhibit low 

bioavailability due to insufficient residence time in the gut, or low permeability and/or low 

solubility within the intestinal tract, which can limit their potential activity in vivo.
148

 For 

example, of the total amount of carotenoids found in fruits and vegetables, only a small 

proportion is bioavailable.
194

 These compounds exhibit antioxidant activities which can protect 

cells against oxidation to reduce the risk of cardiovascular disease, cancer, and aging-related 

diseases. Nanoencapsulation of nutraceuticals is emerging as a promising approach for delivering 

health promoting substances to wide populations without harming the sensory quality of food, 

while providing benefits of protection and improved bioavailability. Nanoparticles can 

dramatically prolong the formulation residence time by decreasing the influence of intestinal 

clearance mechanisms and by increasing the surface area to interact with the biological support. 

In addition, some of them are small enough to cross the epithelial lining of the gut and are 
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readily taken up by cells, allowing efficient delivery of active compounds to target sites in the 

body.
195

 However, the application of nanotechnology in the food industry is still limited due to 

the lack of effective food grade materials along with safe and economic processing.
196

  

Food grade proteins are interesting materials for nanoparticle preparation due to their excellent 

biocompatibility and biodegradability, as well as unique properties in forming gels, emulsions, 

and emulsion gels, thus offering the capacity of incorporating both hydrophilic and lipophilic 

bioactive molecules until release at the functional site. In spite of the promising potential, there 

are several formidable challenges which have to be overcome before they can be widely used as 

nutraceutical delivery systems. Firstly, nanoparticles prepared using protein materials involve 

processing such as emulsification-solvent evaporation, chemical or heat-induced crosslinking 

and coacervation. These normally demand heating and/or organic solvents, which cannot be 

applied to heat-labile bioactive compounds and may cause concerns about the potentially toxic 

residuals.
195

 Secondly, feasible processing conditions for mass production of stable protein-based 

nanoparticles are lacking. In many cases, small molecule surfactants are required to stabilize 

food protein nanoparticles,
197

 which may result in controversies about their health risks. 

Moreover, due to the digestibility of food proteins in gastric environments and the high 

surface-to-volume ratio of nanoparticles, the incorporated nutraceuticals are normally released 

rapidly in the stomach, resulting in a limited amount of nutraceutical compounds that can reach 

small intestine where they need to be absorbed to exert health benefits. Therefore, new protein 

materials and feasible processing conditions are required to address these challenges. 
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Barley proteins are one of the most abundant and inexpensive natural food protein sources. The 

major fractions are hordein (about 45 wt%) and glutelin (4 to 45%). Due to their unique 

molecular structures and high content of hydrophobic amino acid residues, barley proteins has 

been demonstrated good foaming,
21

 emulsifying,
21

 and film forming
23

 capacities. Recently, 

microparticles from barley protein have been developed in our group by a pre-emulsifying 

process followed by microfluidizing without using organic solvent or cross-linking reagents. In 

addition, these microparticles exhibited the ability to protect the encapsulated lipid phase in 

simulated gastric fluid and release them under simulated intestinal conditions.
27

 Therefore, it 

would be interesting to adapt this technology to create new nanoparticles from barley proteins for 

new or improved properties. This work aims to elaborate on barley protein based nanoparticles 

and study the impact of processing conditions on particle microscopic features including size, 

size distribution, morphology and surface charge. Subsequently, the in vitro release properties of 

the optimized barley protein nanoparticles were tested in the simulated gastro-intestinal tract 

using β-carotene as a model bioactive compound. Cytotoxicity and cellular uptake were also 

evaluated preliminarily by the Caco-2 cell model to study their biocompatibility and efficacy. 

3.2 Materials and methods 

3.2.1 Materials 

Barley flour was milled from pearled barley grains (Falcon), which was kindly provided by Dr. 

James Helm, Alberta Agriculturel and Rural Development, Lacombe, AB, Canada. Barley 
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protein was extracted from barley flour by alkaline solution according to methods previously 

established 
18

. Briefly, after pearling and milling, barley flour was passed through a sieve with 

mesh size of 0.08 mm. The barley flour was extracted by alkaline solution (pH 11.5). Then, the 

pH of supernatant from alkali extraction was adjusted to 5.4 to precipitate the barley protein. The 

protein content was 90 wt% (dry basis) as measured by combustion with a nitrogen analyzer 

(FP-428, Leco Corporation, St. Joseph, MI, USA). The canola oil used in the present work was 

purchased from a local supermarket. β-Carotene, pepsin (from porcine gastric mucosa, 424 

U/mg), pancreatin (from porcine pancreas), 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide 

(DMSO) and Nile Red were purchased from Sigma-Aldrich Canada Ltd (Oakville, ON, Canada). 

Alexa Fluor dyes, 4',6-diamidino-2-phenylindole (DAPI) and mounting medium were from Life 

technologies (Burlington, ON, Canada). Other cell culture reagents including Dulbecco‘s 

Modified Eagle Medium (DMEM), fetal bovine serum (FBS), non-essential amino acids 

(NEAA), HEPES solution, trypsin-EDTA and Hank‘s balanced salt solution (HBSS) were 

purchased from GIBCO (Burlington, ON, Canada). Human colorectal adenocarcinoma cell line 

Caco-2 was purchased from the American Type Culture Collection (ATCC, Manassas, VA, 

USA). All chemicals used in this work were of reagent grade. 
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3.2.2 Nanoparticle preparation 

Nanoparticles were prepared with barley protein as a coating material and canola oil as lipid 

phase. β-Carotene (0.05% w/v) was added in the lipid phase as a model lipophilic bioactive 

compound. The oil phase was added to the aqueous protein suspension, followed by high speed 

homogenization (30,000 rpm, PowderGen, Fisher Scientific International, Inc., CA, USA) to 

prepare a coarse emulsion. Then, the pre-mixed emulsion was passed through a high pressure 

homogenizer (NanoDeBee, Bee International, Inc., MA, USA) to form solid nanoparticles. 

Different processing pressures (4, 8, 12, 16 and 20 kpsi), recirculation numbers (1 to 6), protein 

concentrations (2, 3 and 5% w/v) and oil-to-protein ratios (0.2 to 5), respectively, were applied to 

prepare nanoparticle of various properties as characterized in section 3.2.3. The prepared 

nanoparticles were stored at 4°C with 0.025% (w/v) sodium azide until use.  

3.2.3 Nanoparticle characterizations 

The size, size distribution as indicated by polydispersity index (PDI), and zeta potential of the 

nanoparticles were measured at room temperature (23°C) by dynamic light scattering and laser 

Doppler velocimetry using a Zetasizer NanoS (model ZEN 1600, Malvern Instruments Ltd, UK). 

The protein refractive index (RI) was set at 1.45 and dispersion medium RI was 1.33.
27

 The 

nanoparticle samples were diluted to appropriate concentration by phosphate buffer (pH 7) to 

avoid multiple scattering before analysis. The data were averaged from at least three batches. 

The storage stability of the nanoparticles was investigated by measuring particle size at different 
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time intervals during storage at 4°C in dark. Samples were diluted one time with deionized water 

before storage. 

Methods used to quantitatively measure the surface oil percentage and encapsulation efficiency 

were adapted from Beaulieu, et al. 
27

 with modifications. Pure ethanol (7 mL) was added into 3 

mL nanoparticle suspension to break the particles as a major component of barley protein, 

hordein, is soluble in 60-70% ethanol solution.
27

 Then 10 mL of hexane was added and the 

mixture was shaken vigorously with a vortex mixer for another 1 min and allowed to stand for 1 

min. These mixing and standing procedures were repeated twice. The final mixture was 

centrifuged at 8,000 g for 15 min at 20°C. After centrifugation, 5 mL hexane was transferred to a 

tube and evaporated under nitrogen to remove the solvent. The remaining oil was weighed to the 

nearest 0.1 mg. The oil extracted in this method was the oil in the nanoparticle suspension, 

including the surface oil and encapsulated oil. The surface oil amount was measured by a similar 

method, but only hexane was added into the nanoparticle suspension. The amount of 

encapsulated oil can be calculated by the amount of oil in the suspension subtracting the surface 

oil amount. The amount of oil added into the system before processing was called total oil. 

The surface oil percentage was calculated by the following equation: 

Surface Oil%=
𝑊𝑠𝑢𝑟𝑓𝑎𝑐𝑒  𝑜𝑖𝑙

𝑊surface oil+𝑊encapsulated oil
×100%    (1) 

The encapsulation efficiency (EE) and loading capacity (LC) were calculated by the following 

equations: 

EE%=
𝑊encapsulated oil

𝑊total oil
×100%     (2) 
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LC%=
𝑊encapsulated oil

𝑊𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
×100%     (3) 

where, Wsurface oil, Wencapsulated oil and Wtotal oil represent the weight of oil attached on the surface, 

encapsulated in the protein matrix and the total oil added initially. Wparticles means the dry weight 

of the particles encapsulating oil inside. Nanoparticle suspension (3 mL) was added to a weighed 

tube and dried at 85°C. The remaining residues were weighed to the nearest 0.1 mg. 

The morphology of the nanoparticles was observed by a transmission electron microscopy (TEM, 

Morgagni 268, Philips-FEI, Hillsboro, USA) at an accelerating voltage of 80 kV. Nanoparticles 

were negatively stained by 2% (w/v) sodium phosphotungstate (pH 7.4). One drop of 

nanoparticle sample was added to a copper grid covered with nitrocellulose and kept still for 3 

min. Then, a drop of sodium phosphotungstate (2%, w/v) was applied to top of the nanoparticle 

droplet on the grid. Excess liquid was blotted from the grid, and then samples were air dried at 

25°C.  

3.2.4 In vitro protein matrix degradation 

The in vitro protein matrix degradation assays were conducted in simulated gastric fluid (SGF, 

pH 1.5 with 0.1% w/v pepsin) and simulated intestinal fluid (SIF, pH 7.4 with 1.0% w/v 

pancreatin). Changes in nanoparticle morphology after incubating in SGF and SIF were observed 

using the TEM and the samples were treated in the same way as above. The size change of the 

nanoparticles in the SGF and SIF was also monitored using the Zetasizer NanoS instrument 

under the same conditions as indicated above. 
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3.2.5 In vitro release properties of barley protein nanoparticles 

The release properties of barley protein nanoparticles were also measured in the simulated 

gastro-intestinal tract. Briefly, nanoparticles (containing 12 mg barley protein) were incubated in 

SGF at 37°C for 1 h. The digestion was stopped by heating the sample to 95°C for 3 min to 

inactivate enzymes. The released β-carotene was extracted with hexane and quantitatively 

determined by reading the absorbance at 450 nm with a UV-visible spectrophotometer (model 

V-530, Jasco, CA, USA).
198

  

After incubation in SGF for 1 h, the pH of the mixture was adjusted to 7.5 with concentrated 

NaOH. Then pancreatin suspension was added to initiate the digestion and final pancreatin 

concentration was 1% (w/v). The mixture was incubated at 37°C and samples were taken at 

different time intervals. The digestion was stopped after 8 h by heating the sample to 95°C for 3 

min. The degradation of nanoparticle and release of β-carotene was assessed by a lipid digestion 

model which was increasingly used to in vitro evaluate the lipid-based drug/nutraceutical 

delivery system.
199

 The dynamic lipid digestion was measured through the methods described by 

Li et al. with slight modification. The products of pancreatin lipase were mainly 

2-monoglyceride and fatty acids.
200

 The released free fatty acid was titrated by 0.1 M NaOH to 

maintain the pH value at 7.5. The volume of NaOH added was recorded and used to calculate the 

concentration of free fatty acids generated during digestion. The cumulative released free fatty 

acid percentage was calculated using the following equations
200

:  
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𝑉𝑀𝐴𝑋=2×(
𝑊𝑜𝑖𝑙

𝑀𝑊𝑜𝑖𝑙
×

1000

𝐶𝑁𝑎𝑂𝐻
)      (4) 

Free Fatty Acid Released%=
𝑉𝐸𝑋𝑃

𝑉𝑀𝐴𝑋
×100%    (5) 

where, Woil is the total weight of oil participated in the digestion (g) and MWoil is the molecular 

weight of the oil (g per mol). For canola oil, MWoil is 882.1 g/mol.
201

 CNaOH is the concentration 

of NaOH used (0.1 mol/L); VMax is the volume of NaOH used to neutralize all the free fatty acid 

released from lipid when all the triglycerides were converted into two free fatty acids and one 

monoglycerides; and VExp is the actual volume of NaOH titrated during measurement. 

3.2.6 In vitro cytotoxicity and Caco-2 cell uptake 

Caco-2 cells were grown in T-75 flasks at 37°C in a humidified atmosphere of 5% CO2. The 

cells were cultured in DMEM supplemented with 20% FBS (v/v), 1% NEAA and 25 mM 

HEPES. The medium was changed every other day until the cells reached 80% confluence, when 

the cells were removed with 0.25% trypsin in 1 mM EDTA solution at 37°C for 4-6 min and 

passaged with fresh medium.  

The cytotoxicity of the nanoparticles was examined by MTT assay. Caco-2 cells were transferred 

onto 96-well plates at a density of 8,000 cells per well in 100 µl culture medium. The cells were 

grown for 24 h to allow attachment before the experiment. Nanoparticles were added into each 

well to reach a final concentration of 0.5, 0.25 and 0.125 mg/mL respectively, and incubated 

with the cells at 37°C for 6 h. 10 µl of MTT solvent (5 mg/mL in PBS) was then added to each 

well and incubated for a further 4 h at 37°C followed by removal of the medium from each well. 
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100 µl of DMSO was added to each well and followed by the measurement of the absorbance at 

570 nm using a microplate reader (SpectraMax, Molecular Devices, USA). The viability was 

expressed by the percentage of living cells with respect to the control cells.  

The uptake of the nanoparticles by Caco-2 cells was studied using fluorescence-labeled 

nanoparticles and confocal laser scanning microscopy (CLSM). Briefly, 0.025% (w/v) Nile red 

was dissolved in canola oil followed by centrifugation at 12,000 g for 10 min and the oil 

supernatant was used for nanoparticle preparation following the same process above. Caco-2 

cells were transferred onto Glass bottom microwell dishes (P35G-1.5-14-C, MatTek Corp., USA) 

at a density of 1×10
5
 cells/dish and cultured for 5-7 days until a confluent monolayer was formed. 

On the day of experiment, the medium was replaced with HBSS (without phenol red) and 

allowed to equilibrate at 37°C for 30 min. Following the removal of the buffer, nanoparticle 

suspension in HBSS at a concentration of 0.5 mg/mL was added and incubated with the cells for 

1, 3, 6 h. The cells were then gently washed with PBS 3 times and fixed with 4% 

paraformaldehyde (w/v in PBS pH 7.2) at 37°C for 15 min. Cell membrane and nuclei were 

stained with wheat germ agglutinin (WGA) – Alexa Flour 488 conjugate and DAPI, respectively, 

and the cells were mounted with Prolong Gold Antifade Reagent. CLSM 510 Meta (Carl Zeiss, 

Jena, Germany) equipped with a diode, an Argon laser and a Helium/Neon laser, providing the 

excitation at 405 nm, 488 nm and 561 nm, respectively, was used for observation and imaging. 

Images were processed with ZEN 2009LE software (Carl Zeiss MicroImgaing GmbH, 

Germany). 
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3.2.7 Statistical analysis 

All experiments were performed at least in three independent batches. Data were represented as 

the mean of three batches ± standard deviation. For data in figures, error bars showed standard 

deviations. Statistical evaluation was conducted by Student t-test and analysis of variance 

(ANOVA) using SAS (SAS Institute, Inc., Cary, NC). The multiple comparisons of the means 

was performed using Duncan‘s multiple-range test. Statistical differences between samples were 

performed with a level of significance at p<0.05. 

3.3 Results and discussion 

3.3.1 Barley protein nanoparticle preparation 

For globular proteins such as soy and whey proteins, emulsions are normally generated after high 

pressure homogenization due to the fact that hydrophilic protein molecules usually form a 

gel-like viscoelastic thin film outside an oil droplet to stabilize it in aqueous phase.
202

 Solid 

nanoparticles can be derived from its corresponding nanoemulsion through solidifying and/or 

hardening processes by adding a cross-linking reagent (e.g. glutaraldehyde, transglutaminase), or 

coacervating with oppositely charged polymers.
203

 Interestingly, solid nanoparticles were 

generated from barley protein stabilized coarse emulsion directly after high pressure 

homogenization (Figure 3-1 A). Barley protein formed solid microparticles during the 

micro-fluidization process due to the surface hydrophobic nature of their molecular structures 

which enabled them to adhere and completely cover the oil droplets rapidly in the pre-emulsion 
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process.
27

 These complexes tended to strongly aggregate due to the hydrophobic surface patches 

to form thick unruptured coatings after high pressure treatment. The morphology of the 

nanoparticles was shown by TEM images (Figure 3-1 B). The mean diameter of barley protein 

nanoparticles ranged from 50 to 200 nm with regularly spherical shapes and smooth surfaces. 

Figure 3-1 C also showed that small oil droplets were homogeneously trapped inside the protein 

matrix with honeycomb structure. This type of nanoparticle structure might better carry and 

protect the interior dispersed phase. Preliminary experiments indicated that processing conditions 

(number of passes and pressure) and particle formation solution (protein concentration, 

protein/oil ratio) dictated nanoparticle properties. Since the particle diameter played an important 

role in their physiological properties,
195

 in this work the process parameters were optimized with 

an emphasis on the particle size and size distribution.  

 

 

Figure 3-1 (A) Photograph of barley protein nanoparticles (from left to right, the nanoparticle 

concentrations are 0.2, 0.1 and 0.05 wt%); (B)TEM image of barley protein nanoparticle (2 wt% 

protein and 2.5% v/v oil) prepared at 16 kpsi with 14 kx magnification; (C) same sample 

observed with 110kx magnification. 
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3.3.1.1 The influence of homogenization parameters on the particle size 

High pressure homogenization is a kind of high energy input emulsification technique, whose 

performance strongly depends on the amount of energy supplied to the reaction system. 

Numerous researches have shown that the particle size could be controlled by changing the 

pressure and recirculation number under a given set of emulsion compositions.
204

 Thus, the 

effects of these two parameters on particle size were investigated.  

Firstly, the particles were prepared with 2% (w/v) protein and 2.5% (v/v) oil under two selected 

pressures (12 and 16 kpsi) which allowed formation of well-dispersed nanoparticles with 

spherical shapes. Figure 3-2 demonstrates that with an increase of the recirculation number from 

1 to 3, the diameter of particles prepared at 12 kpsi decreased from 494 to 246 nm, while 

particles prepared at 16 kpsi decreased from 264 to 162 nm. This result is in agreement with 

previous studies.
205, 206

 Increasing recirculation time led to prolonged exposure of nanoparticles 

in the high pressure emulsification unit, which resulted in stronger energy input and higher 

degree of oil droplet disruption.
204

 Even through a tendency to decrease particle size was 

observed as the recirculation number further increased, the reductions became modest after 4 

passes and leveled off gradually. The smallest mean particle size was 195 nm for 12 kpsi and 147 

nm for 16 kpsi after 6 passes. Since the efficiency of particle size disruption was limited by the 

emulsion composition and other emulsification conditions, it was no longer efficient to minimize 

particle size by increasing the number of passes. On the other hand, increasing the number of 

recirculation significantly narrowed the particle size distribution as indicated by decreased PDI 
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value (inset in Figure 3-2), which was reported to have important effects on nanoparticle 

applications.
207

 PDI of the sample dropped from 0.55 to 0.33 and from 0.43 to 0.25 after 6 passes 

of homogenization under 12 and 16 kpsi, respectively, indicating that the particle size 

distribution was acceptably homogeneous after 6 passes, since a PDI value of less than 0.3 

indicates a narrow size distribution.
206

 This result was expected because a longer energy input 

duration and a stronger dispersive effect on the oil droplets could be achieved by increasing the 

recirculation number.
208

 Thus, 6 times of recirculation was selected as the optimized condition 

for further experiments. 

 

 

Figure 3-2 Effect of number of recirculation on the mean particle size of samples produced with 

2 wt% barley protein and 2.5% (v/v) oil. The inset showed the effect of number of recirculation 

on particle size distribution as indicated by PDI. Different letters above or below the curve 

indicate significant difference (p<0.05) due to processing pressure.  
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The influence of processing pressure on particle size was shown in Figure 3-3. Here the particles 

were prepared with 2 and 3% (w/v) protein and 2.5% (v/v) oil. When particles were prepared 

with 2% protein, the mean particle diameter dropped from 339 to 147 nm with increasing 

homogenizing pressure from 4 to 16 kpsi. Higher pressure input could lead to higher degree of 

protein unfolding and oil droplet disruption, resulting in smaller particle sizes.
205, 206

 On the 

contrary, samples prepared with 3% protein had modest changes at the tested pressure range, 

which indicated the emulsion formula significantly influence the particle size as well. An 

obvious transition point at 16 kpsi was observed for both samples. With pressure rising above 16 

kpsi, particle sizes increased significantly. This ‗over-processing‘ phenomenon was also 

observed in several emulsion systems using biopolymers as emulsifier.
209

 During high pressure 

homogenization, the particle size distribution was determined by the equilibrium between two 

opposite actions happening at the same time: oil droplet disruption and re-coalescence. The 

excessive energy input at 20 kpsi might not result in additional protein adsorption to the 

disrupted oil surface. Inversely, shorter residence time of the emulsion in the emulsifying unit 

along with other reasons led to a higher re-coalescence rate. Furthermore, higher pressures also 

produced nanoparticles with more narrow size distributions due to the fact that higher energy 

input could disrupt the large particles which survived under low pressure. The PDI values 

decreased from 0.4-0.6 to 0.25 for the selected two samples when pressure increased from 4 to 

16 kpsi as shown in insert of Figure 3-3. A further increase of the pressure to 20 kpsi resulted in 
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a significant increase in PDI, likely due to the re-coalescence between newly formed oil 

droplets.
204

  

 

 

Figure 3-3 Effect of homogenizing pressure on the mean particle size of samples produced with 

2 and 3 wt% barley proteins and 2.5% (v/v) oil by 6 passes. The inset shows the effect of 

homogenizing pressure on particle size distribution as indicated by PDI. Different letters above 

or below the curve indicate significant difference (p<0.05) due to protein concentration.  

3.3.1.2 The influence of nanoparticle formula on the particle size 

Trials were then carried out to determine how nanoparticle formation is affected by protein 

concentration and oil-to-protein ratio and the results were depicted in Table 3-1. The samples 

were prepared at 16 kpsi and 6 passes, which was determined to be optimal. Well dispersed 

nanoparticle suspensions were obtained at the oil-to-protein ratio of 1.25 to 2.5 for 2% protein 
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and 1.5 for 3% and 5% protein. Within this range, there was adequate protein around the oil 

droplet surface to form a solid coating during high pressure homogenization. When the 

oil-to-protein ratio was too high, there was insufficient protein to cover the oil-water interface, 

which resulted in high level of oil droplet coalescence and/or particle flocculation.
210

 On the 

other hand, when the oil-to-protein ratio was too low, protein molecules would aggregate via 

interactions of excessive hydrophobic amino acid residues which would engage in protein-lipid 

interactions at higher oil-to-protein ratios, leading to protein precipitation.
204

 The optimized 

formulas were then selected to study the impact of protein concentration and oil content on the 

particle size at 12 and 16 kpsi, respectively. 

Table 3-1 Formation of stable nanoparticle suspension prepared with different formulas at 16kpsi 

Protein 

Concentration 

Oil Contents/ % (v/v) 

1  2.5  5  7.5 

2 wt% 
Excessive Protein 

Precipitation 

Formation of 

Particles 

Formation of 

Particles 
Particle Aggregation 

3 wt% 
Excessive Protein 

Precipitation 

Formation of 

Particles 

Formation of 

Particles 
Particle Aggregation 

5 wt% 
Excessive Protein 

Precipitation 

Excessive Protein 

Precipitation 

Slight Protein 

Precipitation 

Formation of 

Particles 

 

As demonstrated in Figure 3-4, the mean particle diameter decreased with an increase of the 

initial barley protein concentration. For example, with oil concentration fixed at 2.5%, the mean 



91 

particle diameters were 195, 174 and 127 nm when prepared at 12 kpsi with 2%, 3% and 5% 

barley protein, respectively. This result was expected because higher protein concentrations led 

to thicker coatings outside oil droplets during high pressure homogenization, which reduced the 

surface tension and avoided the re-coalescence between disrupted oil droplets.
204

 For the same 

reason, PDI of nanoparticle samples decreased as initial protein concentration increased. 

Samples prepared with 5% protein had PDI of 0.29 and 0.27 at 12 and 16 kpsi, respectively even 

when the oil concentration was as high as 7.5%. On the other hand, for the same protein 

concentration, particle size increased significantly with the rising oil ratio at both 12 and 16 kpsi, 

as shown in Figures 3-4 and 3-5. For example, at protein concentration of 5%, the particle size 

increased from 92 to 179 and 202 nm when oil content was raised from 2.5 to 5 and 7.5%, 

respectively. A higher ratio of the oil phase would increase the viscosity of the emulsion, and 

thereby more energy input was required for droplet disruption. Meanwhile, it led to higher 

frequency of oil droplet re-coalescence as there were not sufficient barley proteins to cover the 

disrupted oil droplets. The PDI of samples prepared with 3% protein at 16 kpsi increased from 

0.22 to 0.44 when the oil content increased from 1% to 7.5%.  
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Figure 3-4 Effect of protein concentration and oil content on the mean particle size of samples 

produced at 12 kpsi by 6 passes. The inset shows the effect of protein concentration and oil 

content on particle size distribution as indicated by PDI. Different letters above or below the 

curve indicate significant difference (p<0.05) due to protein concentration.  
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Figure 3-5 Effect of protein concentration and oil content on the mean particle size of samples 

produced at 16 kpsi using 6 passes. The inset shows the effect of protein concentration and oil 

content on particle size distribution as indicated by PDI. Different letters above or below the 

curve indicate significant difference (p<0.05) due to protein concentration.  

Notably, nanoparticles with small sizes (90-150 nm) and narrow size distributions (PDI<0.3) can 

be achieved by up to 5 wt % protein concentration when the oil-to-protein ratio was maintained 

within a range from 1 to 1.5. Zein
211

, gliadin
212

, soy proteins
213

 and milk proteins
198

 can only 

form nanoparticles at protein concentrations of less than 2%. The more concentrated 

nanoparticles achieved in this study were a significant improvement as mass production of 

nanoparticles with narrow sizes in water is a challenge facing industry and academic researchers. 

Samples prepared with 2% protein and 2.5-5.0% oil, 3% protein and 5% oil, as well as 5% 

protein and 7.5% oil, prepared at 16 kpsi and 6 passes were selected for further study due to their 

small size and narrow size distribution. 



94 

3.3.2 Nanoparticle characterization 

The surface oil content, encapsulation efficiency (EE) and loading capacity (LC) of the 

nanoparticle samples were demonstrated in Table 3-2. All samples demonstrated high EE 

(89.2-93.5%) and LC value (51.4-54.4%) except for that prepared with 2% protein and 5% oil 

which only showed an EE value of 83.3% and LC value of 56.1%. This is probably due to 

insufficient amount of protein available to form a thick coating around the lipid droplets when 

oil-to-protein ratio was high. The amount of surface oil is one important factor influencing the 

shelf life of the encapsulated oil and lipophilic bioactive compounds as it is openly exposed to 

the environment and has a high possibility of being oxidized or degraded. The oxidation and 

degradation of surface oil not only forms undesired products, but also triggers the oxidation 

reaction of bioactive compounds inside particles.
214

 It is noticed that samples prepared with 

higher protein concentration exhibited significantly reduced surface oil. For example the 

nanoparticles prepared with 5% protein and 7.5% oil had only 1.92% of total added oil attached 

at the particle surface although the oil-to-protein ratio was relatively high. The surface charge is 

another important characteristic of nanoparticles as it plays an important role in the physiological 

properties and stability of nanoparticles.
215

 The surface charge of nanoparticles is determined by 

the exposed side chains of the amino acid residues, the pH and the ionic strength of the 

environment. Barley protein nanoparticles exhibited a strong negative charge of around -35 mV 

in neutral aqueous solution as shown in Table 3-2. Negative charge is expected at neutral pH as 
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barley protein has an isoelectric point (pI) of around 5.
18

 Nevertheless, it is interesting to notice 

that barley protein nanoparticles were much more negatively charged than many other protein 

nanoparticles (such as zein, gliadin and soy protein nanoparticles) which exhibited relatively low 

zeta-potential (-10 to -15 mV) at neutral pH.
211, 213, 216

 It could be deduced that during high 

pressure homogenization, barley protein reoriented its conformation with the hydrophobic region 

towards the oil phase and hydrophilic region towards the aqueous phase. Therefore, the 

hydrophilic amino acid residues with negative charges, such as the carboxyl group from glutamic 

acid were exposed outside, rendering nanoparticles highly negatively charged. It has been shown 

that nanoparticles are more stable in suspension when their zeta-potential is above ± 30 mV due 

to the fact that the electrostatic repulsion between particles prevents them from aggregation.
217
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Table 3-2 Surface oil content, encapsulation efficiency, loading capacity and zeta potential for 4 

selected samples prepared at 16kpsi 

 
Surface Oil 

Percentage (%) 

Encapsulation 

Efficiency (%) 

Loading 

Capacity (%) 

Zeta Potential 

(mV) 

2% Protein & 2.5% Oil 8.74 ± 1.59
b
 89.19 ± 1.70

ab
 46.55 ± 0.90

a
 -33.83 ± 0.83

a 

2% Protein & 5% Oil 8.79 ± 0.88
 b
 83.31 ± 1.53

a
 56.12 ± 5.78

a
 -37.63 ± 0.75

b 

3% Protein & 5% Oil 4.80 ± 0.35
ab

 92.53 ± 2.52
 b
 51.38 ± 1.40

 a
 -35.47 ± 0.95

a 

5% Protein & 7.5% Oil 1.92 ± 1.30
a
 93.52 ± 0.41

b 
54.39 ± 0.24

a
 -33.67 ± 0.51

a 

Note: different letters next to the value indicate significant difference (p<0.05) due to different 

formulations. 

 

The stabilities of the barley protein nanoparticles were tested for 15 days during storage at 4˚C in 

deionized water (Figure 3-6). All selected samples were rather stable during the storage period 

although a size increase trend was observed. The only exception was the sample prepared with  

2% protein and 5% oil which underwent a more obvious size change from 196 to 289 nm due to 

its high surface oil content and insufficient protein coverage. The good storage stability of barley 

protein nanoparticles even at high protein concentrations without using surfactants was likely 

due to their small particle sizes, high surface charges and solid protein coatings.  
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Figure 3-6 Mean particle size changes of 4 samples prepared at 16kpsi over 15 days 

3.3.3 In vitro release and degradation in the simulated gastrointestinal tract 

The release of incorporated ingredients from the protein matrix mainly involves three 

mechanisms, including diffusion from the matrix, enhanced diffusion through protein matrix 

swelling and liberation due to matrix degradation and erosion.
218

 The encapsulated lipid phase in 

nanoparticles is more likely to be released through the degradation of the protein matrix in the 

gastrointestinal (GI) tract. β-Carotene was selected as a model lipophilic bioactive compound in 

this study, as β-carotene has the highest pro-vitamin A activity but its low water solubility and 

low bioavailability have severely limited its applications.
194

 Nanoparticles prepared with 2% 

protein and 2.5% oil were selected for these tests because of their optimized characteristics. 
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Figure 3-7 Release profile of cumulative free fatty acid from barley protein nanoparticles (2% 

protein and 2.5% oil in SIF for 8 h. The inserted graph showed the cumulative release percentage 

of β-carotene from the barley protein nanoparticles incubated in SGF for 2 h. 

The inserted graph in Figure 3-7 displayed the cumulative release of β-carotene from barley 

protein nanoparticles incubated in SGF (pH 1.5 with pepsin) for 2 h. Less than 5% of the 

β-carotene was released. Actually no more than 10% of the β-carotene was released from the 

protein matrix even after 6 h of incubation in SGF in the presence of pepsin (data not shown). 

Such low release rates suggested that the barley protein nanoparticles could resist low pH and 

pepsin degradation, and thus provided protection for β-carotene against the harsh gastric 

environment. A morphology change of the nanoparticles after incubation in SGF was also 

observed by TEM. Interestingly, the original nanoparticles were degraded to form even smaller 

particles of 20-50 nm with regular spherical shapes (Figure 3-8 A&C). The decreased size was 

further supported by data from a dynamic light scattering evaluation, which showed an average 
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particle size of 43±7 nm after 1 h of incubation in SGF. This result indicates that the barley 

protein nanoparticle matrix was partially digested by pepsin to liberate the encapsulated oil 

droplets covered by a thinner but solid coating of barley protein which was indigestible by 

pepsin. This explained the low β-carotene release percentage in SGF. The majority of the 

hydrophobic amino acids on the protein chains were likely oriented towards the lipid phase, 

leaving the hydrophilic groups on the outside. As pepsin is most efficient in attacking peptide 

bonds involving hydrophobic amino acids,
219

 the layer of barley protein coated on the lipid 

surface represented a substrate that was less vulnerable to pepsin digestion. On the other hand, 

barley protein has a high percentage of proline (16%)
18

 which made degradation of the coating 

layer even slower as proteins with high proline content are generally more resistant to 

degradation by digestive enzymes in the GI tract.
220

 β-Carotene was susceptible to the acid 

environment because β-carotene can be dissociated to form carotenoid carbonations.
221

 

Meanwhile, other common ingredients in the food matrix, such as iron, could also induce 

oxidation of the released β-carotene molecules, which adversely affects the bioactivity of 

β-carotene.
222

 This issue was also reported for other lipophilic bioactive compounds, such as 

α-tocopherol.
223

 Thus, maintaining the bioactive form of β-carotene until absorption is important. 

The resistance of barley protein nanoparticles to the stomach environment is a favourable 

property to improve the bioavailability of β-carotene.  
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Figure 3-8 TEM images of nanoparticle morphology changes during digestion in SGF and SIF 

for different time: (A) original nanoparticles prepared with 2% protein & 2.5% oil, (B) in SGF 

with pepsin for 20min, (C) in SGF with pepsin for 1h, (D) in SIF with pancreatin for 1 h, (E) in 

SIF with pancreatin for 3 h and (F) in SIF with pancreatin for 7 h. Scale bars: 200 nm. 

After incubation in SGF for 1 h, the nanoparticle samples were transferred into SIF for another 8 

h. It was attempted to obtain the release profile of nanoparticles in SIF by hexane extraction. 

Nevertheless, the result was not consistent, which may be due to the incomplete extraction of 

β-carotene 
198, 224

. Thus, the release profile of nanoparticles in SIF was measured by a method 

based on a pH-stat model which has been widely used in the pharmaceutical and food industries 

to rapidly screen lipid based formulations.
199

 Since the pancreatin in SIF contained appropriate 

concentrations of the major lipid digestive enzymes, pancreatin lipase digestion led to the 
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generation of free fatty acids and 2-monoglyceride from triglyceride molecules. Therefore, it was 

reasonable to quantitatively measure the release of the lipids by analyzing liberated free fatty 

acids in SIF media. Meanwhile, this result also indirectly demonstrated the degradation 

behaviour of the protein coating, since the ability of lipase to come in close proximity to lipid 

molecules governs the rate of lipid digestion. Although measuring the liberated free fatty acids 

cannot directly show the release profile of the encapsulated lipophilic bioactive compounds, this 

in vitro digestion result in combination with TEM (showing the morphology changes) and a 

Caco-2 cell model (showing the nanoparticle uptake) can provide valuable information with 

respect to the nanoparticle degradation and release behaviour in the simulated GI tract. As 

indicated in Figure 3-7, over the first 7 h of incubation, the cumulative release increased from ~5 

to 40% and then >90% of free fatty acids were detected in the release media at 8 h, indicating 

that ~50% of the free fatty acids was liberated in the last hour of incubation. The degradation 

behaviour of the above liberated smaller nanoparticles was also observed with TEM in SIF 

(Figure 3-8 D-F). After 1 h of incubation in SIF, the liberated nanoparticles (mainly 20-50 nm) 

were further digested into nano-sized lipid droplets, indicating that the barley protein solid 

coating was further degraded in SIF. Meanwhile, there was no evidence of oil droplets 

aggregating or coalescing at this stage, which was expected since they were covered by a thin 

layer of protein or protein hydrolysates. The mean particle size of samples incubated in SIF for 

another hour was 47±1 nm. Then, nano-scaled structures were observed when sample was 

incubated in SIF for 3 h (Figure 3-8 E). These colloidal structures could be vesicles, mixed 
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micelles and micelles which were able to internalize the undigested lipid molecules and 

β-carotene inside.
199, 225

 It was reported that β-carotene is likely to be absorbed through the small 

intestine in the form of mixed micelles and/or vessels.
194

 Therefore, barley protein nanoparticles 

have the potential to improve the adsorption of β-carotene in small intestine. After incubation in 

SIF for 7 h, the nanoparticles were further degraded into small irregular fragments. Nanoparticles 

with 3% protein & 5% oil and 5% protein & 7.5% oil had similar release profile as the one 

shown above (data not shown). 

3.3.4 Cytotoxicity and cell uptake 

Both the cytotoxicity and the cell uptake of barley protein based nanoparticles were evaluated on 

a Caco-2 intestinal cell line which was derived from a human adenocarcinoma cell line. When 

grown on plastic dishes or filters, the confluent monolayer formed by Caco-2 cells exhibits tight 

junction complexes and possesses similar morphological, functional and electrical properties to 

human small intestinal cells. Thus, Caco-2 cells have been widely used as an in vitro model to 

investigate the uptake and transportation of materials through the small intestinal epithelium.
226

 

Nanoparticles prepared with 2% protein and 2.5% oil were used in these tests. 

The viability of Caco-2 cells was measured by MTT assay after incubation with nanoparticles 

and the digested nanoparticle samples. As shown in Figure 3-9, the cell viability was 88.4, 95.3 

and 92.9% for samples incubated with 0.5, 0.25 and 0.125 mg/mL nanoparticles, respectively. 

High cell viability (about 90%) was also observed for nanoparticle samples digested by SGF for 



103 

1 h and subsequently by SIF for 1, 3 and 6 h. These results indicated that barley protein 

nanoparticles were biocompatible and had low toxicity even at high concentrations of 0.5 

mg/mL.  

 

 

Figure 3-9 Percentage of cell viability evaluated by MTT assay on Caco-2 cells treated with 

increasing concentration of barley protein nanoparticles for 6 h and with pancreatin digested 

nanoparticles for 1 to 6 h. Different letters above the bars indicate significant difference (p<0.05) 

due to nanoparticle concentration and digestion condition. 

Confocal microscopy was used to measure the amount of nanoparticles taken up by Caco-2 cells 

(Figure 3-10). Nanoparticles were prepared with 2.5% canola oil containing 0.025% Nile Red 

which was used as a model of lipophilic bioactive compounds and is also a fluorescent stain for 

oil. As mentioned above, barley protein nanoparticles and their digested products were different 
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in many physiochemical properties such as size, morphology and surface properties which 

governed their uptake in the small intestine.
227

 Therefore, intact nanoparticles and 4 selected 

digested products were incubated with Caco-2 cells to investigate their uptake properties. As 

displayed in Figure 3-10 A-E, red signals were clearly observed in all five samples, indicating 

that the encapsulated oil phase (containing Nile Red) was able to be effectively internalized and 

accumulated in the Caco-2 cell cytoplasm. Although intact nanoparticles, liberated nano-sized 

lipid droplets and micelles had different physiochemical properties, they all have potential to 

facilitate the adsorption of the encapsulated lipophilic compounds in vivo. 

 

 

Figure 3-10 Confocal micrographs of Caco-2 cells after 6 h incubation with (A) initial 

nanoparticles; (B) particles after 1 h digestion in SGF with pepsin; (C) to (E) particles after 
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another 1, 3 and 6 h digestion in SIF with pancreatin respectively. Blue and signals represents 

cell nucleus and membrane, respectively. 

3.4 Conclusions 

Nanoparticles with small sizes (90-150 nm) and narrow size distributions were prepared from 

barley protein without the use of any organic solvents or cross-linking reagents. These 

nanoparticles demonstrated good storage stability in the absence of surfactants and contained a 

high payload (51.4-54.4%) of lipophilic nutraceutical compounds with limited surface oil. 

Interestingly, release experiments showed that even smaller particles (20-50 nm) were formed as 

a result of pepsin degradation of barley protein nanoparticle matrices. These smaller 

nanoparticles provided sufficient protection of the model nutrient in the SGF. Moreover, 

sequential lipophilic micro-domains were formed within the simulated intestinal environment, 

which helped stabilize water insoluble nutraceuticals in solution and may benefit their adsorption.  

Complete release of the model nutrients occurred after 7 h of degradation by pancreatin. Both 

original barley nanoparticles and the liberated smaller ones after pepsin digestion exhibited low 

cytotoxicity through in vitro study using Caco-2 cell models and they could be accumulated in 

the cytoplasm after being uptaken into Caco-2 cells. Meanwhile, nanoparticles have a unique 

colloidal nature whereby their charge as well as their Brownian motion can cause the dispersion 

to be stable, thus they can be administered by both parenteral and non-parenteral routes, enabling 

wider applications. Thus, these barley protein nanoparticles have strong potential to be used as 

delivery systems of bioactive compounds for food, pharmaceutical and cosmetic applications. 
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Moreover, this study provides meaningful justification for further in vivo studies to evaluate the 

safety and efficacy of barley protein nanoparticles as a delivery system. 
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Chapter 4 

Creation of 3D Hierarchical Porous Nitrogen-Doped Carbon Fibers for 

Supercapacitors from Plant Protein and Lignin Electrospun Fibers 

4.1 Introduction 

Supercapacitors have attracted extensive attention in recent years due to their high power 

densities, rapid charging time and long cyclic stability.
122

 They show promise to meet the 

increasing power demand for energy storage systems in various applications, such as portable 

electronics, mobile electric systems, hybrid electric vehicles and industrial power 

management.
100

 Supercapacitors can be classified into two categories by different energy storage 

mechanisms: electrical double-layer capacitors (EDLCs) and pseudocapacitors.
113

 EDLCs are 

based on the adsorption of electrolyte ions on the surface area of conductive materials, while 

pseudocapacitors store energy faradaically by electrosorption, reduction-oxidation reaction and 

intercalation processes.
102

 EDLCs are favourable in commercial utilization currently due to their 

superior cycle stability. Though the power density of supercapacitor is much higher than that of 

battery, the capacitance and energy density of supercapacitor are needed to be improved. 

Carbon materials are widely used to produce EDLCs because of their good electrical 

conductivity and relatively low cost. The capacitance of EDLC is related to the specific area of 

the electrodes. Therefore, to make high performance EDLCs from carbon materials they must 

have a large specific surface area and a highly porous structure, fitting the size of electrolyte ion. 
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Extensive investigations are being conducted to develop nano-structured porous carbon materials, 

such as active carbon, carbon particles, carbon areogel, graphene, carbon nanotube, carbon fibers, 

carbide-derived carbons and template carbon. More recently, carbon materials with an 

hierarchical porous structure, namely, macropores in combination with meso and micro pores,
117

 

have been shown to have advantages as they not only provide large surface area to store energy, 

but also possess a shortened ion transport time.
228

 Activated carbon fibers have attracted interest 

due to their ability to build up hierarchical porous structures with a large length/diameter ratio, 

large surface area and large pore volume.
141

 Activated carbon fibers show excellent electrical 

conductivity along the fiber axis, but their contact resistance remains to be a problem due to the 

large distance between fibers.
100

 Interconnected fiber networks that provide shorter and more 

continuous electron transport pathways can favourably reduce the contact resistance of an 

activated carbon fiber electrode.
129

 Currently, template casting, solvo-thermal synthesis and 

chemical vapour deposition methods are applied to prepare carbon fiber precursors. However, 

these methods have limitations such as material restrictions, high cost and process complexity.
96

 

Electrospinning is a relatively new, simple and convenient method to directly fabricate fiber 

networks where the electrospun fiber composition, diameter and alignment can be modulated to 

achieve carbon materials of desirable structure and performance.
229

 

Incorporating heteroatoms such as nitrogen and oxygen into the carbon framework is an effective 

strategy to improve the EDLCs performance. For example, nitrogen doping has been shown to 

induce pseudocapacitance to carbon materials by additional faradaic redox reaction and/or 
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chemisorption.
126, 230, 231

 Nitrogen functional groups are normally added into the carbon 

nanostructures by in situ doping during carbon synthesis using nitrogen-rich synthetic polymers 

such as polyaniline and polypyrrole, or nitrogen-containing ionic liquid. This can also be 

achieved through post-treatment of carbon materials with nitrogen containing reagents such as 

ammoniate.
119, 232

 Carbonizing nitrogen-rich biomass has provided an environmentally sensitive 

and efficient alternative to prepare nitrogen-doped carbon materials since nitrogen-rich biomass 

can be converted to N-doped carbon through one-step pyrolysis. Proteins, rich in N and O, are 

one of the most abundant biomaterials on earth. Previous reports showed that the carbon samples 

derived from biomass rich in proteins, such as hair
122

, silk cocoon
141

, gelatine
142

 and chicken 

eggshell membranes
138

, possess high capacitance of more than 200 F/g. However, to the best of 

our knowledge, protein-based carbon fibers with a hierarchical porous structure have not been 

reported as supercapacitor material.  

Zein and hordein are the major alcohol soluble storage proteins (prolamins) in corn and barley, 

respectively. Zein is the by-product of corn starch processing and the major coproduct of corn 

fermentation to produce ethanol.
233

 Hordein is largely available as the by-product of barley 

starch and β-glucan extraction industries.
2
 Development of a value-added product of zein and 

hordein would commercially benefit cereal growers and processors as well as reduce the wastes. 

Nano-fiber fabrics based on the mixture of zein and hordein have been developed already by 

some previous work with electrospinning.
28, 30, 93

 Such fabrics contain a large amount of nitrogen 

in the polypeptide chains and show good tensile strength, controllable diameter and continuous 
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fiber network.
28, 30, 93

 In this study, it was proposed that these were important attributes to create 

interconnected 3D hierarchical porous nitrogen-doped carbon fibers with superior capacitive 

performance. 

This study aims to explore this new area of research to create energy storage materials with 

electrospun zein/hordein protein nanofiber fabrics. The challenge is to maintain a fibrous protein 

mat structure due to the thermoplastic nature of proteins. To overcome this challenge, lignin is 

added to the plant protein spin dope since this common and abundant natural material has a large 

content of aromatic components to maintain the fibrous structure. Under proper heating 

conditions, lignin can be converted to a thermosetting material,
234, 235

 that would aid with the 

development of a hierarchical porous structure.
129

  

The objective of this study is to develop plant proteins-lignin based electrospun nanofibers fabric 

and to convert them into N-doped carbon fibers with 3D interconnected hierarchical porous 

structure as electrode materials for supercapacitor. In this study, the effects of protein/lignin ratio 

and the carbonization temperature on carbon fiber morphology and electrochemical performance 

were systematically evaluated and discussed. The surface N functionalities were studied by 

X-ray photoelectron spectroscopy (XPS), and the morphology and the porous structure were 

observed by scanning electron microscopy (SEM).  
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4.2 Materials and methods 

4.2.1 Materials  

Barley grains (Falcon) were kindly provided by Dr. James Helm, Alberta Agriculture and Rural 

Development, Lacombe, AB, Canada. Hordeins were extracted from barley grains using an 

ethanol solution according to a procedure reported in previous work.
18

 Zein (F4000, 92% protein 

content) was kindly provided by Freeman Industries LLC (New York, NY, USA) and used 

without further purification. Alkali lignin, polyvinylidene fluoride (PVDF), molecular weight 

~275,000 by gel permeation chromatography), N-methyl-2-pyrrolidone (NMP), potassium 

hydroxide and acetic acid were purchased from Sigma-Aldrich Canada Ltd (Oakville, ON, 

Canada). Dimethylformamide (DMF) and Carbon black Super P was obtained from Fisher 

Scientific (ON, Canada) and Alfa Aesar (Ward Hill, MA, US), respectively. All chemicals were 

used as received unless otherwise specified. Ultrapure water treated with a Milli-Q Advantage 

A10 system (EMD Millipore Corporation, MA, US) was used to prepare electrolyte solution.  

4.2.2 Preparation of plant protein-lignin electrospun fibers  

Lignin and plant protein (hordein:zein = 50:50, w/w) powders were dissolved in a mixed solution 

of acetic acid and DMF (90 and 10%, v/v) and stirred for 12 h. The total content of polymers was 

36% (w/v). The lignin and protein blending ratios were 20/80, 50/50 and 80/20 (w/w). 

Correspondingly, their electrospun fiber samples were coded as L2P8, L5P5 and L8P2, 

respectively. The electrospinning experiments were carried out on a customized digital 
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electrospinning apparatus EC-DIG (IME Technologies, Eindhoven, Netherlands) at 25°C. 

Solutions were forced through a blunt needle with a diameter of 0.8 mm at the flow rate of 1 

mL/h. The spinning voltage was fixed at 20 kV and the needle to collector distance was 20 cm. 

The electrospun fiber fabrics were collected on a rotary collector with a rotating speed of 1 rpm. 

4.2.3 Carbonization and activation  

The carbon fibers were synthesized by carbonizing the protein and lignin electrospun fiber 

fabrics in a tubular furnace (GSL-1100X-NT-UL, MTI Corporation, CA, US), followed by a 

carbon dioxide activation step. In a typical experiment, the carbonization step was operated with 

the following heating procedure under continuous purge of argon: (1) temperature raised from 

25˚C to 200˚C at a rate of 5˚C/min; (2) temperature held at 200˚C for 2 h to stabilize the 

protein-lignin electrospun fibers; (3) temperature increased from 200˚C to 300˚C at a rate of 

1˚C/min to slow down the thermo decomposition of protein to maintain the fibrous structure; (4) 

temperature continued to increase from 300˚C to a final carbonization temperature (750 or 900˚C) 

at 5˚C/min; (5) carbonization temperature held for 2 h; (6) sample cooled down naturally under 

argon flow. A number following the sample code was added for each carbon fiber sample to 

indicate its carbonization temperature. For example, L2P8-750 represents carbon sample 

prepared with 20% lignin and 80% protein, and carbonized at 750˚C. Then, the selected carbon 

fibers were activated at 800˚C in a CO2 atmosphere for 3 h to generate porous structure on the 
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carbon fiber surface. The temperature increased from 25˚C to 200˚C at a rate of 5˚C/min and the 

activated carbon fibers cooled down naturally under CO2 flow. 

4.2.4 Fiber size and morphology observation  

The size and morphology of both the original and carbonized fibers were observed by a Hitachi 

X-650 scanning electron microscope (SEM, Hitachi, Japan) at 20 kV. The original fiber samples 

were sputtered with gold for 2 min before observation. The surface pores of the activated carbon 

fiber were observed by SEM equipped with a cold field emission gun at 15 kV (S-4800 FE-SEM, 

Hitachi, Japan). High resolution transmission electron microscope (HRTEM, JEOL 2100, JEOL 

Inc., US) was further employed to study the microstructure of carbon fiber samples. For this, 

samples were ground into powders and then deposited onto the 300 mesh Cu/Pd grids.  

4.2.5 Fiber textural characterization and chemical analysis  

AutosorbiQ (Quantachrome Instruments, Boynton Beach, FL, US) was employed to measure the 

nitrogen adsorption-desorption isotherm, specific surface area and the porous texture at 77 K. 

The specific surface area and pore size distribution were calculated based on the 

Brunauer-Emmett-Teller (BET) theory and nonlocal density functional theory, respectively. The 

micropore and external pore surface area was calculated by t-plot method. These analyses were 

done by the AutosorbiQ‘s associated software (ASiQWin). X-ray powder diffraction (XRD) 

patterns were obtained to show the crystallinity of carbon by using a Bruker AXS D8 Discover 

diffractometer (Bruker Coperation, East Milton, ON, CANADA) with the Cu Kα radiation ( = 
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1.541841 Å) at 40 kV and 44 mA (2 was from 10 to 80°). Raman spectra were obtained to 

examine carbon sample structure by a Nicolet Omega XR Raman microscope (Thermo Fisher 

Scientific, Waltham, MA, US). The excitation near infrared laser wavelength was set at 532 nm 

and data points were recorded at 0.5 cm
-1

 intervals. The nitrogen and carbon contents of the 

original fibers were measured by Leco nitrogen analyzer (FP-628, Leco, St. Joseph, MI, US). 

X-ray photoelectron spectroscopy (XPS) was applied to analyze the chemical composition of 

carbon surface using an Axis Ultra spectrometer (Kratos Analytical, Manchester, UK). 

X-radiation Al Kα (hυ = 1486.6 eV) was used. The C 1s and N 1s core levels were fitted using 

the CasaXPS software to reveal C and N configuration. The thermogravimetric analysis (TGA) 

of the original protein fibers was conducted by a thermogravimetric analyzer (TA Instruments, 

Q500, New Castle, DE, US) under argon at a heating rate of 2
o
C/min. The Fourier transform 

infrared spectra (FTIR) of the original protein fibers and those after heating treatment to 200
o
C 

for 2 h (under Argon) were obtained by a Nicolet 6700 spectrophotometer (Thermo Fisher 

Scientific, Waltham, MA, US) to analyze protein conformations. An attenuated total reflectance 

(ATR) accessory with a Ge crystal was used for measurement. Spectra were collected in the 

range of 4000-800 cm
-1 

as an average of 256 scans at 4 cm
-1

 resolution.  

4.2.6 Electrochemical performances 

The activated carbon samples were ground and mixed with 10 wt % carbon black and 10% 

PVDF binder (10 wt% in NMP) to form a paste. The paste with 8mg of carbon sample was cast 
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onto a piece of nickel foam in an area of 1.0 cm
2
 and dried under vacuum at 120

o
C for 12 h, and 

then pressed under 2000 psi by a benchtop laboratory press (model 3851, Carver Inc., Wabash, 

IN, US) to fabricate an electrode. To assemble a three-electrode cell, the above prepared nickel 

foam, a Pt wire and an Hg/HgO were used as working, counter and reference electrodes, 

respectively. All the electrochemical properties were analyzed by a Solartron 1287 

electrochemical interface (Solartron Analytical, Berwyn, PA, US). Cyclic voltammetry studies 

were performed in the potential window of -1.0 to 0 V vs. reference electrode at various scan rate 

from 5 to 100 mV/s. Galvanostatic charge-discharge curves were measured with current density 

from 0.5 to 10 A/g. The specific capacitance of carbon materials was calculated by the following 

equation: 

𝐶 =  
𝐼∆𝑡

𝑚∆𝑉
 

Where I (A) is the discharge current, ∆t stands for the discharging time, m (g) is the weight of 

carbon sample loaded on the working electrode and ∆V represents the potential window. 

Electrochemical impedance spectroscopy (EIS) was performed in a frequency range from 10
-2

 to 

10
5
 Hz with 5 mV amplitude.  

4.2.7 Statistical analysis 

All experiments were performed at least in three independent batches. For SEM and TEM results, 

one typical image was presented respectively. For nitrogen adsorption-desorption isotherm, TGA, 
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FTIR, Raman spectroscopy, XRD, XPS and electrochemical analysis, one typical curve was 

presented respectively.  

4.3 Results and discussion 

4.3.1 Morphology of carbon fibers  

It was challenging to maintain the interconnected protein fiber networks during the carbonization 

process up to 750°C. Proteins are thermoplastic materials and often melt and lose their original 

structure at carbonization temperatures. The amorphous regions of protein molecule become 

mobile above the glass transition temperatures. Crystalline regions then melt above the melting 

temperature before decomposition at even higher temperatures.
236

 To overcome this problem, 

lignin was added to sustain the fiber structure because it can transform from a thermoplastic to a 

thermosetting character during a continuous heating process.
235

 Continuous fibers with smooth 

surfaces and uniform diameters were successfully prepared from a protein-lignin mixture 

formula as shown in Figure A1-1 in Appendix A1. The alkali lignin solution alone showed poor 

electrospinning properties since alkali lignin molecules had insufficient chain structure, 

intermolecular interactions and/or entanglements.
131

 Thus, the formation of continuous 

electrospun fibers was attributed to the good electrospinnability of prolamin proteins.
28

 Previous 

experiments showed that hordein/zein mixture at the ratio of 1:1 exhibited stable assembled 

network structure and improved the tensile strength.
28

 Carbon fiber samples with different 

protein-lignin ratios showed significantly different morphologies after heat treatments at 750 and 
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900˚C (Figure 4-1). A balanced protein-lignin ratio strongly influenced the compatibility of these 

two biopolymers to determine the structures of the carbon products. Samples from 100% protein 

melted during heating and no fiber structure was formed. Samples prepared with 20% lignin and 

80% protein (L2P8) created short fibrous-like structures, but the fiber network did not 

maintained. L5P5 samples showed continuous and smooth fiber structure after carbonization. 

This was likely due to compatibility between protein and lignin, allowing both of them to be 

homogenously distributed within the fiber network
237

 so that lignin could maintain the structure 

of the nanofiber mats. When the protein-to-lignin ratio decreased to 20:80 (L8P2), the fiber 

network broke down during carbonization due to melting of the protein backbone. A large lignin 

concentration can lead to the immiscibility of protein with lignin,
237

 thus in our case, the protein 

phase was likely to be separated from, and embedded in, the lignin phase. The melting and 

expansion of embedded protein aggregates in the lignin matrix during carbonization contributed 

to the disorder structure of L8P2-900. Notably, L5P5-900 showed a continuous and 

interconnected carbon fiber network structure. This morphology can facilitate electron 

transportation of the electrode; thus L5P5-900 was chosen for further experiments.  
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Figure 4-1 SEM images of carbon samples derived from plant protein and plant protein-lignin 

electrospun fibers at 750 and 900°C: (A) Pro-750;(B) Pro-900; (C) L2P8-750; (D) L2P8-900;(E) 

L5P5-750; (F) L5P5-900; (G) L8P2-750 and (H) L8P2-900. Scale bar: 5 µm. 
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4.3.2 Morphology and porous texture of L5P5-900-ACT 

Methods to increase the specific surface area of carbon materials include chemical activation 

(using sodium hydroxide, potassium hydroxide, zinc chloride and phosphoric acid, etc.) and 

physical activation (thermal treatments under steam, air, carbon dioxide, etc.).
100

 Heating under 

CO2 gas flow is an efficient treatment to improve the pore volume and surface area as well as to 

control the pore-size distribution and surface chemistry of carbon materials by partial 

gasification of carbon surface.
238, 239

 As compared to chemical activation methods, no 

post-treatment is required after CO2 activation, which makes it an environmentally-friendly 

activation method. To further improve the structure and properties of plant protein-lignin based 

carbon fibers, they were pyrolyzed at 800˚C for 3 h under CO2 atmosphere. The activated sample 

is suffixed with ACT in the sample code. Figure 4-2 demonstrated the hierarchical porous 

network formed after carbonization and activation of the L5P5-900-ACT sample. As shown in 

Figure 4-2 A, the carbon material maintained a continuous and interconnected fiber network after 

CO2 activation. The 1D carbon microfibers with a diameter of around 5 µm interlaced together to 

form a unique 3D structure. The interconnected large macropores formed by fiber interlacement 

could facilitate the ion transportation by serving as ion-buffering reservoirs and providing low 

resistance for ion transportation from bulk electrolyte solution into carbon inner porous 

structures.
117, 240

 This could subsequently contribute to the high rate capability and high power 

density of carbon materials.
117

 Under higher magnification (Figure 4-2 B), the carbon fiber 
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surface was porous and composed of a large number of mesopores (around 10 nm), likely formed 

during the CO2 activation step.
241

 These numerous open pores not only can greatly increase the 

surface area, but also can improve the electrolyte ion accessibility by providing larger transport 

pores for diffusion from surface to inner porous structures.
100

 It was interesting that the carbon 

fiber was comprised of multiple layers of graphene-like nanosheets, as demonstrated in the high 

resolution TEM (HR-TEM) images (Figures 4-2 C & D). Figure 4-2 D showed the graphene-like 

nanosheets stacked and folded together with the layer-to-layer distance (d-spacing) between 

sheets being 0.37 nm, similar to the spacing of the (002) distance of the graphitic carbon lattice 

(0.34 nm).
242

 Due to the intrinsic properties of graphene, these nanosheets could improve the 

electrode performance by speeding up the transport of electrons and by increasing the in-plane 

conductivity.
243

 Traditionally, the production of graphene materials has been challenging, 

including the high production cost and the demand for high energy input and the corrosive 

reagents, which limited its application as a commercial material for supercapacitors.
137, 244

 This 

study provided a convenient and environmentally sustainable method to prepare carbon materials. 

It was demonstrated that porous graphene-like nanosheet structures can be created at a lower 

temperature (<1000°C) without the use of a catalyst.  
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Figure 4-2 FE-SEM (A and B) and HR-TEM (C and D) images of L5P5-900-ACT sample. 

The carbon precursor and the carbonization conditions both determine the structure of the final 

carbon material.
100

 The addition of lignin can transform the product from amorphous carbon to 

nanocrystalline graphite, since it permits nucleation, growth and clustering of aromatic rings 

during pyrolysis from 600 to 1000°C.
234

 However, it has not been reported so far that alkali 

lignin can form well-aligned graphene-like nanosheets after heating. On other hand, proteins may 

have the potential to form partially aligned graphitic layers.
142, 245

 As shown by 

thermogravimetric analysis (TGA) (Figure A1-2 A), the decomposition of the original protein 

electrospun fibers began at around 200°C, above the glass transition temperatures of hordein and 

zein. At this temperature, the Fourier transform infrared (FTIR) spectra (Figure A1-2 B) showed 

that the protein denatured and its secondary structure dramatically changed. The amide I band 

(1700-1600 cm
-1

) in the FTIR spectra is the prominent vibrational band of the protein backbone 
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and is correlated to protein secondary structures.
69

 Protein electrospun fibers possessed one 

major peak at 1652 cm
-1

 which was assigned to α-helix. After heating to 200°C for 2 h, α-helix 

decreased while β-sheet structure increased as indicated by rising peaks at 1692, 1683 and 1623 

cm
-1

.
246, 247

 The β-sheets are considered as crystal-dominant lamellar structures since they consist 

of polypeptide backbones connected and organized into pleated sheets by inter/intramolecular 

hydrogen bonds. β-sheets can transform into aligned hexagonal poly-aromatic structure with 

pseudographitic crystalline lattice through cyclization or aromatization by intermolecular 

dehydration or condensation between adjacent polypeptide chains.
140, 245, 248

 Thus, it is possible 

that plant proteins form graphene-like nanosheets based on their β-sheet secondary structure 

during carbonization. However, the synergistic effects of protein and lignin are needed to be 

investigated further to better understand the formation mechanism of these graphene-like 

nanosheets.  

Figure 4-3 showed the nitrogen adsorption-desorption isotherm of the L5P5-900-ACT sample; 

the inset depicted the pore size distribution. The total specific surface area of L5P5-900-ACT 

was calculated to be 771.5 m
2
/g, which was comparable to other carbon fibers reported in the 

literature.
118, 123, 129, 141

 Micropores (pores less than 2 nm) and external pores contributed 663 and 

108 m
2
/g to the total BET surface area, respectively. The total pore volume was 0.38 cm

3
/g 

according to the adsorption amount at a relative pressure P/P0 of 0.98 and the average pore 

diameter was 19.96 Å. The adsorption behaviour of nitrogen on L5P5-900-ACT surface showed 

an initial large uptake in the low pressure region (P/P0<0.1), followed by a gradual increase in 
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the mid P/P0 region and then a slight increase in the high pressure region (P/P0>0.9). The carbon 

sample had high nitrogen adsorption at very low relative pressure (P/P0<0.1), which was a 

typical indicator of the existence of micropores.
122

 The isotherm continuously increased till high 

P/P0 value and did not saturate even at P/P0 of about 1, which meant that this carbon material 

consisted of abundant mesopores and/or macropores.
141

 The hysteresis loop of nitrogen 

adsorption-desorption isotherm is associated with the capillary condensation of nitrogen in the 

pores, thus the shape of the hysteresis loop is usually used to exhibit the specific pore 

structures.
136, 249

 Since the adsorption and desorption branches were approximately parallel to 

each other over an appreciable range of P/P0, the hysteresis loop was classified as type H4, which 

was known to be related to the narrow slit-like pores.
249

 The Type I isotherm with Type H4 loop 

was an indicator of the existence of microporosity.
249

 The hysteresis loop was observed from 

P/P0 of about 0.1 to 0.95, which proven the coexistence of micropore, mesopore and macropore 

structures in the carbon fiber mats.
123

 The pore size distribution curve showed that the 

L5P5-900-ACT sample had large volume of micropores with major size peaks at 1.1 and 1.5 nm, 

respectively, and mesopores with the diameter of 3.8 and 7.8 nm, respectively. The results from 

nitrogen sorption isotherm were in agreement with the observation by SEM, both confirming that 

L5P5-900-ACT had well-developed hierarchical pore structures at all micro, meso and macro 

scales.  
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Figure 4-3 Nitrogen adsorption and desorption isotherm and pore size distribution (inset) of 

L5P5-900-ACT. 

4.3.3 Chemical characterization of L5P5-900-ACT.  

X-ray diffraction (XRD) in wide angle region was used to evaluate the structure arrangement of 

the L5P5-900-ACT carbon sample (Figure 4-4 A). The wide and broad peak at 23.85° (002 

lattice plane) indicated the existence of layer-by-layer graphitic stacking,
250

 further confirming 

the graphene-like nanosheet structure observed by HR-TEM. The d002 (interlayer spacing of 002 

plane) can be calculated by the following equation d002 = sinwhere  is the wavelength 

of X-ray used. Thus, d002 of L5P5-900-ACT was 0.37 nm, which was greater but rather close to 

the pristine graphite of 0.34 nm.
242

 The increase of d-spacing was possibly caused by the 

presence of oxygen and nitrogen functional groups.
250

 The insertion of O and/or N caused 

changes in the reacting carbon atoms from sp
2
 to sp

3
. The out of planar C-N or C-O covalent 
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bonds resulted in the atomic scale roughness, thus, increased the distance between graphene 

layers.
251, 252

 Furthermore, the peak at 44° corresponded to the graphitic (100) crystal plane.
130

 

L5P5-750 and L5P5-900 also had peaks at about 24° and 44° as shown in Figure A1-3. 

 

 

Figure 4-4 XRD pattern (A), Raman spectrum (B) and XPS spectra (C, D and E) of 

L5P5-900-ACT sample. D and E are the deconvoluted N 1s and C 1s peaks respectively.  

Raman spectroscopy was employed to reveal the graphitic structure of L5P5-900-ACT. As 

shown in Figure 4-4 B, two major bands appeared in the 500-2500 cm
-1

 region, including the D 

band at 1344 cm
-1

 and G band at 1595 cm
-1

. The intensity of D band is related to the vibration of 

C atoms with dangling bonds in planar terminations of defective and/or disordered graphite. The 

G band, on the other hand, is an indicator of the 2D graphite, corresponding to the vibration of 
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sp
2
 C in a 2D hexagonal lattice.

253
 Thus, the ratio of D/G band intensities illustrates the 

crystalline degree of carbon materials. ID/IG of L5P5-900-ACT was 1.04, indicating the existence 

of graphite carbon in L5P5-900-ACT, albeit with disorder. The ID/IG value of L5P5-900-ACT 

was greater than the pristine natural graphite which can be attributed to the introduction of 

oxygen and nitrogen functional groups into carbon network.
129, 254

 

Cereal proteins hordein and zein contain about 16 wt% of nitrogen. Thus, the plant protein-lignin 

electrospun fiber is a nitrogen-rich carbon fiber precursor. In the original L5P5 fiber, the nitrogen 

and carbon contents were 7.0 and 56.7 wt%, respectively, as analyzed by combustion. Carbon 

materials doped with heteroatoms, such as nitrogen, are expected to have an enhanced surface 

wettability, electronic conductivity and capacitance.
230

 X-ray photoelectron spectroscopy (XPS) 

analysis was conducted to evaluate the chemical composition of the developed carbon fibers. As 

shown in Figure 4-4 C and Figure A1-4, nitrogen and oxygen still maintained in the carbon 

networks of sample L5P5-750, L5P5-900 and L5P5-ACT after carbonization. Specifically, 

carbon 1s, oxygen 1s and nitrogen 1s were the three major peaks in the XPS spectrum of 

L5P5-900-ACT sample (Figure 4-4 C), which consisted of 4 wt% nitrogen, 13 wt% oxygen and 

83 wt% carbon, respectively. Meanwhile, trace amount of impurities, such as sodium (~497 eV), 

chloride (~199 eV) and silicon (~99 eV) were also presented, which came from plant protein 

extraction. The nitrogen functional groups were further investigated after deconvolution of the N 

1s spectrum. As demonstrated in Figure 4-4 D, four overlapped peaks centered at 398.4, 399.9, 

400.6 and 401.5 eV were observed and assigned to N-6 (pyridinic N), N-5(pyrrolic N and/or 
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pyridonic N), N-Q (quaternary N) and N-X (oxidized N), respectively.
255, 256

 N-5 contributed  

44% of all nitrogen functional groups. N-6, N-5 and N-X were considered the nitrogen groups 

located at the edge of graphene layers,
257

 which represented 81% of nitrogen functional groups. 

N-Q represents nitrogen bonded to 3 carbon atoms and was more likely to be found in the central 

position of graphene sheets.
121

 Plentiful edge N groups were reported to be more active in 

contributing to the electrochemical performance. Pyridinic (N-6) and pyrrolic N (N-5) were 

assumed to be the main configurations introducing pseudocapacitance to the carbon materials 

while N-Q was beneficial to their conductivities.
119

 Moreover, the C 1s spectrum consisted of 3 

carbon configurations: sp
2
 C=C/sp

3
 C-C (284.8 eV, 64.9 at%, atomic percentage), C-O/C=N 

(286 eV, 30.8 at%) and O=C-O (289.2 eV, 4.3 at%).
258

 The C-O type oxygen groups were shown 

to have positive contribution to the carbon capacitance due to their high stabilities.
120

 

4.3.4 Electrochemical performance of L5P5-900-ACT.  

The unique structure and chemical feature of carbon materials derived from protein-lignin 

electrospun fiber fabrics triggered our interest to further investigate its electrochemical 

performance. Thus, the cyclic voltammetry (CV), galvanostatic charge-discharge profile and 

electrochemical impedance spectroscopy (EIS) were used to test the feasibility of 

L5P5-900-ACT to performing as a supercapacitor electrode material using 6 M KOH as the 

electrolyte. Figure 4-5 A exhibited the CV curves of L5P5-750, L5P5-900 and L5P5-900-ACT, 

at a scan rate of 50 mV/s. Significant differences between these three samples were observed. 
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The CV curves of carbon materials without activation had a triangle shape, with greater specific 

current observed for L5P5-900 than L5P5-750. The triangle shape indicated that pronounced ion 

sieving effect occurred in these two samples.
259

 In such a case, the micro range pores were too 

small and excluded out the electrolyte ions during scanning. After activation, the CV curve was 

turned into rectangular shape and had significantly increased specific current, demonstrating 

good capacitive behaviour. This showed that CO2 activation opened up pores that were closed, 

clogged or obstructed and created meso and macropores at the surface of the carbon fibers. As 

shown in Figure 4-3, the major micropore diameters of L5P5-900-ACT were 1.1 and 1.5 nm, 

which were larger than that generally required for the accommodation of aqueous electrolytes 

(0.4 – 0.8 nm).
259, 260

 Moreover, the mesopores and macropores at the fiber surface facilitated the 

transport of electrolyte and increased the accessibility of electrolyte to pores in the fiber. The 

small humps in the CV curve of L5P5-900-ACT were attributed to the pseudocapacitance 

induced by the heteroatom functional groups such as nitrogen and oxygen. Figure 4-5 B showed 

that the current density continuously increased as a function of scan rate for L5P5-900-ACT. The 

CV curve still maintained a quasi-rectangular shape even at a scan rate as high as 100 mV/s, 

exhibiting excellent ion transport behaviour and rapid charge propagation capability. This 

favourable characteristic was likely to be related to its interconnected pore structure and partial 

graphitization. The interconnected pore structure provided a rapid ion transport pathway.
117

 

Graphene-like nanosheets endowed carbon fibers with high electron mobility due to its zero-gap 

semiconductor nature.
261
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Figure 4-5 (A) CV curves of L5P5-750, L5P5-900 and L5P5-900-ACT at scan rate of 50 mV/s; 

(B) CV curves of L5P5-900-ACT at different scan rates from 10 mV/s to 100 mV/s; (C) 

galvanostatic charge-discharge curves of L5P5-750, L5P5-900 and L5P5-900-ACT at current 

density of 0.5 A/g; (D) specific capacitance of L5P5-900 and L5P5-900-ACT as a function of 

current density; (E) EIS Nyquist plots of L5P5-900-ACT (inset is the high and medium 

frequency regions); (F) cyclic stability of L5P5-900-ACT at current density of 4 A/g. 
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The electrochemical performance was further evaluated by the galvanostatic charge-discharge 

test. The charge-discharge curves of L5P5-750, L5P5-900 and L5P5-900-ACT were obtained at 

a current density of 1 A/g within -1 to 0 V in 6 M KOH solution. The symmetrical triangle shape 

of the charge-discharge curve demonstrated the reversible capacitive behaviour of 

L5P5-900-ACT. The specific capacitances were further calculated based on the discharging time 

at different current densities. The specific capacitance of L5P5-900-ACT was about 240 F/g at a 

current density of 250 mA/g. The capacitance per surface area of L5P5-900-ACT was calculated 

to be 31.2 µF/cm
2
, which surpassed many carbon materials with similar loading weight of active 

materials per area reported recently as shown in Table 4-1 and also the theoretical EDLC 

capacitance of carbon (10-25 µF/cm
2
).

105, 115, 134, 141
 The nitrogen content of L5P5-900-ACT was 

4%. Among these, 68% of nitrogen atoms belonged to pyridinic N and pyrrolic N which 

significantly contributed pseudocapacitance to the carbon surface.
119

 L5P5-900-ACT is 

especially favourable for large scale applications, especially for design of highly compact 

electric power source, since L5P5-900-ACT can provide higher capacitance per surface area.
105

 

The specific capacitance decreased as the current density increased and reached a platform at 

about 4 A/g. This was due to the limited diffusion of electrolyte ion into the deep pores at high 

current rate.
122
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Table 4-1 Comparison of the specific capacitances of some carbon fibers materials reported 

previously  

Samples Electrolytes Specific capacitance 

KOH activated graphene 
262

 BMIM BF4 /AN  6.9 µF/cm
2
 at 1.4 A/g 

Carbon from pistachio nutshell 
263

 1 M TEABF4 EC-DEC 20.1 µF/cm
2
 at 2 mV/s 

N-doped hollow carbon nanofibers 
264

 6 M KOH 28.1 µF/cm
2
 at 0.2 A/g 

N-doped carbon fibers from protein-lignin 

(This work) 
6 M KOH 31.2 µF/cm

2
 at 0.5 A/g 

 

Electrochemical impedance spectroscopy (EIS) is a powerful technique for characterizing the 

properties of electrode-electrolyte interfaces of supercapacitors and provides information about 

the internal resistance of the electrode materials and the resistance between electrode and 

electrolyte.
123

 The EIS of L5P5-900-ACT was tested from 10
-2

 to 10
5
 Hz and the resulting 

Nyquist plots of L5P5-900-ACT were shown in Figure 4-5 E. In the low frequency region, a 

straight vertical line was obtained, indicating a capacitive behaviour of L5P5-900-ACT carbon 

sample. The projected length of Warburg-type line (the slope of the 45° portion of the Nyquist 

plots) on Z‘ axis was widely accepted to demonstrate the characterization of ion diffusion 

process in the electrode. The Warburg-type line of L5P5-900-ACT was rather short, directly 

proving that the carbon material had a short electrolyte diffusion pathway due to its hierarchical 

porous structure, which is important for a low ion-transport resistance, high rate capability and 

power density.
117
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To explore the potential of L5P5-900-ACT as supercapacitor material, the charge-discharge 

cyclic stability of L5P5-900-ACT was tested at a current density of 4 A/g. As exhibited by 

Figure 4-5 F, 95% of the initial capacitance was maintained after over 5,500 charge and 

discharge cycles and the shapes of the galvanostatic charge-discharge curves varied only slightly. 

This result indicated that L5P5-900-ACT carbon material had excellent long term 

charge-discharge cyclic stability, which would make it feasible for use in many industrial and 

personal applications.  

4.4 Conclusions 

This is the first time that a convenient method has been developed to prepare nitrogen-doped 

carbon fibers from plant proteins (hordein and zein) and lignin with a high energy storage 

capacity. These carbon fibers possessed a specific capacitance of 31.2 µF/cm
2
 in 6 M KOH and 

95% capacitance retention after 5,500 charge-discharge cycles. These excellent electrochemical 

properties were due to the well-engineered characteristics of the materials, including a 

hierarchical porous texture, an interconnected fiber network, a large amount of heteroatomes 

(nitrogen and oxygen), and the graphene-like nanosheet structure. Carbon fibers derived from 

plant protein and lignin electrospun fabrics have the potential to be used as new and effective 

energy storage devices. Environmentally sustainable industrial applications could be developed 

from this technology, such as portable electronic devices, hybrid electric vehicles and the 

management of large scale power systems. 
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Chapter 5 

Plant proteins - nitrogen-doped porous graphitic carbon fibers for 

supercapacitor  

5.1 Introduction 

Rapidly growing markets for portable electronic devices and hybrid electric vehicles are 

demanding components be made from renewable and recyclable materials. High performance 

energy storage systems made from natural materials have attracted attention accordingly, in both 

academic and industrial fields. A supercapacitor is an electrochemical energy storage device with 

high power density and rapid charge-discharge rate, and has the potential to fill the gap between 

the battery and the conventional capacitor. However, the energy density of supercapacitor still 

needed to be improved.
100, 122

 Among supercapacitors, the electrochemical double layer capacitor 

(EDLC) is popular and commercially available, and stores energy by reversible electrostatic 

accumulation of ions on the surface of porous electrodes.
104

 

Carbon is widely used as a supercapacitor material, especially the EDLC, due to its high cyclic 

stability, good electronic conductivity, low cost, and wide operating temperature range.
105

 

Versatile carbon structures, such as carbon fibers, aerogels, tubes, sheets and particles,
105

 have 

been developed to adapt to various applications and achieve better energy storage 

performance.
123

 Porous graphitic carbons possess excellent features for both porous carbon and 

graphene, and show promise for use as supercapacitor electrode materials. The porous structure 
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provides a high specific surface area and increases the accessibility of electrolytes to the 

micropores, whereas the graphitic structure endows excellent intrinsic in-plane electrical 

conductivity and low resistance ion transport pathways.
262, 265, 266

 Porous graphitic carbons are 

normally prepared by ‗top-down‘ methods, which usually require several steps of exfoliation and 

activation. These processes may result in high cost, low yields and contamination of strong acid 

and/or alkaline reagents in the final products.
137, 262

 More recently ‗bottom-up‘ methods have 

been applied to generate porous graphitic carbons from graphitizable precursors through a high 

temperature treatment (>2500°C) or from graphitizable/non-graphitizable materials with 

moderate thermal treatments and catalysts, such as Fe, Ni, Co.
133, 244, 266

 Raw materials include 

various biomass and synthetic precursors, such as coconut shell
137

, corn stalk
267

 and resin
244

 that 

can all form graphitic structures after carbonization.  

Besides a well-tailored architecture, surface chemistry also plays an important role in 

determining the capacitance of carbon-based EDLCs.
102

 Introducing heteroatoms, such as 

nitrogen, oxygen, boron and sulfur, to the carbon matrix has proven effective to enhance the 

specific power density and energy density of EDLCs. Here, the heteroatomic functional groups 

serve to provide pseudocapacitance by Faradic redox reactions and/or chemisorptions, as well as 

to increase the wettability of the carbon surface.
102, 122, 123

 Nitrogen - one of the most popularly 

studied heteroatoms - can be incorporated by in situ synthesis using N-rich precursors and/or by 

chemically treating carbonaceous materials with N-reagents.
119
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Proteins are one of the most abundant biomaterials around the world, and the N and O on the 

polypeptide chains can be preserved and embedded in the carbon matrix during the carbonization 

procedure. Thus, proteins are interesting materials to prepare heteroatom-doped carbon by facile 

and eco-friendly methods.
122, 138

 Cho et al. 
245

 recently revealed that silk proteins can form a 

sp
2
-hybridized carbon hexagonal structure at 350°C with a highly ordered graphitic structure 

after high temperature treatments, such as 2800°C. This phenomenon may be attributed to the 

secondary structure of protein. For example, intermolecular β-sheets are formed by two or more 

polypeptide chains through hydrogen bonds between the amide proton and carbonyl oxygen on 

adjacent chains. During carbonization, chains in β-sheet structures may achieve aromatization 

through intermolecular dehydration and/or condensation between adjacent chains.
140, 245

 In spite 

of their theoretical potential, practical attempts to develop carbon materials with porous graphitic 

structure from proteins have been unsuccessful. 

Zein and hordein are two of the most abundant and affordable cereal proteins, and are stored in 

corn and barley grains, respectively. Zein is a by-product of corn starch processing and a major 

co-product of corn fermentation.
233

 Hordein is a by-product of barley starch and β-glucan 

extraction.
2
 Both of these proteins are hydrophobic and can be dissolved in acetic acid. Their 

mixture can form electrospun nanofibers with good tensile strength without the addition of 

synthetic polymers - a feature conferring these proteins an advantage compared to most other 

plant proteins.
28

 One challenge using proteins as a carbon precursor is to be able to maintain the 

nanofiber structure during carbonization without unfolding and melting the structure during 
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pyrolysis.
245

 In the leather manufacturing industry dating back to ancient times, metal ions were 

added to ‗fix‘ the leather. This process is now known to involve a metal-collagen protein 

interaction that gave the product better mechanical strength and thermal stability.
268-270

 As 

inspired by metal stabilization concept of leather processing, this study proposed to add calcium 

salt to the plant protein electrospinning dope. During electrospinning, hordein molecules have an 

extended and flexible conformation and interact with each other to form nanofibers.
93

 Ca
2+

 may 

modify the protein nanofiber bundles to increase their thermal stability during carbonization, as 

metal ions do in leather preparation. Also, the addition of Ca
2+

 may influence the conductivity 

and viscosity of the protein electrospinning dope and consequently modulate the diameter of the 

protein fibers.
271, 272

 Calcium acetate can serve as a template to generate pores on carbon samples 

and is easily washed away after carbonization. For these reasons, calcium acetate was selected to 

facilitate the conversion of protein nanofibers into carbon nanofibers in this research.  

The objective of this study is to convert barley proteins based electrospun nanofibers fabric into 

N-doped carbon fibers with 3D interconnected hierarchical porous structure as electrode 

materials for supercapacitor. The influence of Ca
2+

 on protein nanofiber diameter and 

morphology was investigated, and X-ray photoelectron spectroscopy (XPS) was used to study N 

and O functional groups on the carbon surface. The feasibility of using these carbon samples as 

supercapacitor electrode materials is evaluated and discussed.  
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5.2 Materials and methods 

5.2.1 Materials 

Barley grains (Falcon) were kindly provided by Dr. James Helm of Alberta Agriculture and 

Rural Development, Lacombe, AB, Canada. Hordeins were extracted from barley grains using an 

ethanol solution according to a procedure reported in our previous work.
18

 Zein (F4000, 92% 

protein content) was kindly provided by Freeman Industries LLC (New York, NY, USA) and 

used without further purification. Calcium hydroxide, polyvinylidene fluoride (PVDF, molecular 

weight ~275,000 by gel permeation chromatography), N-methyl-2-pyrrolidone (NMP) and acetic 

acid were purchased from Sigma-Aldrich Canada Ltd (Oakville, ON, Canada). Glutaradehyde 

solution (50%) and carbon black Super P was obtained from Fisher Scientific (ON, Canada) and 

Alfa Aesar (Ward Hill, MA, US), respectively. All chemicals were used as received unless 

otherwise specified. Ultrapure water purified using a Milli-Q Advantage A10 system (EMD 

Millipore Corporation, MA, USA) was used to prepare electrolyte solution.  

5.2.2 Preparation of plant protein-calcium electrospun fabrics 

To prepare the protein-calcium acetate mixture for electrospinning, a desired amount (2 to 12%, 

w/v) of calcium hydroxide was slowly added to 2 mL acetic acid solution (90%, v/v) and stirred 

for 2 h to form calcium acetate. Plant protein solutions (18%, w/v) were then prepared by 

dissolving protein powders (hordein:zein=50:50, w/w) in the acetic acid solution with calcium 

acetate, and stirred for 12 h at 25°C. The electrospinning experiments were carried out by a 
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customized digital electrospinning apparatus EC-DIG (IME Technologies, Eindhoven, 

Netherlands) at 25°C. Solutions were forced through a blunt needle with a diameter of 0.8 mm at 

the flow rate of 1 mL/h. The spinning voltage was fixed at 20 kV and the needle to collector 

distance was 20 cm. The electrospun fiber fabrics were collected on a rotary collector with a 

rotating speed of 1 rpm. The electrospun protein-calcium fibers were cross-linked by placing on 

a pan flowing above 200 mL of 25% (v/v) glutaraldehyde solution in a sealed glass container for 

6 h at room temperature.
273

  

5.2.3 Carbonization 

The carbon fibers were synthesized by one-step carbonization of the protein and calcium acetate 

electrospun fiber fabrics by heating in a tubular furnace (GSL-1100X-NT-UL, MTI Corporation, 

CA, US). In a typical experiment, the carbonization step was operated under continuous argon 

flow with the following heating procedure: (1) the temperature was raised from 25 to 200˚C at a 

rate of 5˚C/min; (2) the temperature was held at 200˚C for 2 h to stabilize the protein-Ca
2+

 

electrospun fibers; (3) the temperature increased from 200 to 300˚C at a rate of 1˚C/min to have 

a slow thermo decomposition of proteins and calcium acetate; (4) the temperature continued to 

increase from 300 to 850˚C at 5˚C/min; (5) the carbonization temperature was held for 2 h; (6) 

the sample was cooled down naturally under argon flow. Finally, the carbon sample was 

immersed in 2 mol/L hydrochloride solution to remove the calcium oxide and other soluble 

substrates, and then rinsed with water and dried at 100˚C under vacuum. The carbon samples 
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derived from electrospun fiber fabrics with varied amounts of calcium hydroxide were coded as 

P-4%Ca, P-8%Ca, P-10%Ca and P-12%Ca, respectively. The cross-linked sample was suffixed 

with CL. For example, the carbon fiber sample derived from cross-linked electrospun fabric 

made with 10% Ca(OH)2 was named P-10%Ca-CL. 

5.2.4 Fiber size and morphology observation 

The exterior morphology of the original fiber and the carbon fiber samples were observed by a 

Hitachi X-650 scanning electron microscope (SEM, Hitachi, Japan) at 20 kV. The original fiber 

samples were sputtered with gold before observation. High resolution transmission electron 

microscope (HRTEM, JEOL 2100, JEOL Inc., US) was used to study the inner microstructure of 

carbon fiber samples. For this, samples were ground into powder before deposition onto the 300 

mesh Cu/Pd grids for observation. 

5.2.5 Fiber textural characterization and chemical analysis 

Thermogravimetric analysis (TGA) of the original protein fibers was conducted by a 

thermogravimetric analyzer (TA Instruments, Q500, New Castle, DE, US) under argon with a 

heating rate of 2
o
C/min. For analysis of chemistry composition of the carbon surface, X-ray 

photoelectron spectroscopy (XPS) was obtained by an Axis Ultra spectrometer (Kratos 

Analytical, Manchester, UK) with X-radiation Al Kα (hv = 1486.6 eV). The C 1s, O 1s and N 1s 

core levels were fitted using the CasaXPS software. The N and C contents of the original fibers 

were measured by the Leco nitrogen analyzer (FP-628, Leco, St. Joseph, MI, US). AutosorbiQ 
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(Quantachrome Instruments, Boynton Beach, FL, US) was employed to measure the N 

adsorption-desorption isotherm, specific surface area and the porous texture at 77 K. The specific 

surface area and pore size distribution was calculated based on the Brunauer-Emmett-Teller 

(BET) theory and the Barrett-Joyner-Halenda (BJH) model, respectively with the AutosorbiQ‘s 

associated software (ASiQWin). To analyze the crystallinity of carbon sample, X-ray powder 

diffraction (XRD) patterns were obtained using a Bruker AXS D8 Discover diffractometer 

(Bruker Coperation, East Milton, ON, CANADA) with the Cu Kα radiation ( = 1.541841 Å) at 

40 kV and 44 mA (2 was from 10 to 80°). Raman spectra were obtained to analyze the carbon 

structure by a Nicolet Omega XR Raman microscope (Thermo Fisher Scientific, Waltham, MA, 

US). The excitation wavelength of the near infrared laser was set at 532 nm and data points were 

recorded at 0.5 cm
-1

 interval. 

5.2.6 Electrochemical performance in 6 M KOH 

To measure the electrochemical properties, each activated carbon sample derived from plant 

protein electrospun fiber fabrics was ground and mixed with a 10 wt% carbon black and 10% 

PVDF binder (10 wt% in NMP) to form a paste. The paste with 8mg active carbon sample was 

cast onto a 1.0 cm
2 

piece of nickel foam. Then, the carbon sample was dried under vacuum at 

120
o
C for 12 h and pressed under 2,000 psi by a bench top laboratory press (model 3851, Carver 

Inc., Wabash, IN, US) to fabricate an electrode. To assemble a three-electrode cell, the above 

nickel foam, a Pt wire, and an Hg/HgO were used as working, counter and reference electrodes, 
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respectively. All electrochemical properties were analyzed by a Solartron 1287 electrochemical 

interface (Solartron Analytical, Berwyn, PA, US). Cyclic voltammetry studies were performed in 

the potential window of -1.0 to 0 V vs. reference electrode at various scan rate from 5 to 100 

mV/s. Galvanostatic charge-discharge curves were measured with current density from 0.5 to 10 

A/g. The specific capacitance of carbon materials were calculated by the following equation: 

𝐶 =  
𝐼∆𝑡

𝑚∆𝑉
 

Where I(A)is the discharge current, ∆t stands for the discharging time, m (g) is the weight of 

carbon sample loaded on the working electrode, and ∆V represents the potential window. 

Electrochemical impedance spectroscopy (EIS) was performed in a frequency range from 10
-2

 to 

10
5
 Hz with 5 mV amplitude.  

5.2.7 Statistical analysis  

All experiments were performed at least in three independent batches. For SEM and TEM results, 

one typical image was presented respectively. For nitrogen adsorption-desorption isotherm, TGA, 

Raman spectroscopy, XRD, XPS and electrochemical analysis, one typical curve was presented 

respectively. For data in figures, error bars represents the standard deviation (n = 100). Statistical 

evaluation was conducted by analysis of variance (ANOVA) using SAS (SAS Institute, Inc., 

Cary, NC). Statistical differences between samples were performed with a level of significance 

of p<0.05. 
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5.3 Results and discussion 

5.3.1 Morphologies of the plant protein-calcium fibers 

Figures 5-1 A-D show the morphologies of the plant protein-calcium nanofibers and the mean 

diameter of the fibers were summarized in Figure 5-1 F. Plant proteins can be fabricated into 

nanofibers with a smooth surface and controllable diameter by electrospinning in the presence of 

4-10% of Ca
2+

, although some tiny flocculent fibers appeared as the calcium concentration 

increased to 8 and 10%. Increasing Ca
2+

 to 12% resulted in a conspicuous irregular 

beads-on-string structure in the nanofiber fabrics. The mean diameters of fibers decreased from 

992 to 413 nm as Ca
2+ 

increased from 4 to 10% and then leveled off from 10 to 12%. Similar to 

some synthetic polymers, such as poly(acrylic acid) and poly(lactic acid) the addition of ions can 

lead to an increase of the charge density in the spinning dope causing the electrospinning jet to 

carry more electric charge. Thus, in the strong electric field, the spinning jet may bear stronger 

elongation forces and produce fibers with smaller diameters.
272, 274
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Figure 5-1 SEM images of original plant protein-calcium electrospuns fibers: (A) protein-4%Ca; 

(B) protein-8%Ca; (C) protein-10%Ca; (D) protein-12%Ca; (E) protein-10%Ca after 

cross-linked by glutaraldehyde. Scale bars are 5 µm. Figure 5-1 F shows the mean fiber diameter 

of 5 original fibers. Different letters above bars indicate significant difference (p<0.05) in fiber 

diameters.  

Protein fibers with 10% Ca
2+ 

were selected for cross-linking since they had smallest mean 

diameter with minimal beads providing a higher specific surface area. The porous nanofiber 

fabric structure was well maintained after glutaraldehyde treatment and the mean fiber diameter 

decreased. Small particles were observed on the cross-linked fibers, which may represent the 

hygroscopic calcium acetate. Glutaraldehyde can chemically bond two adjacent amino acid 

residues by reacting with several functional groups such as amines, thiols, phenol and 
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imidazoles.
275

 Glutaraldehyde vapour has been applied to protein electrospun fibers, such as 

collagen and gelatine, to achieve better mechanical properties and lower their swelling ratio in 

aqueous solution.
273, 276

 In this study, cross-linking of protein-Ca fibers by glutaraldehyde may 

have beneficial effects by sustaining the fibrous structure during the carbonization process and 

increasing protein-protein interactions.
142

 

5.3.2 Morphologies of the carbon samples derived from protein-calcium fibers 

The TGA test was conducted to determine the influence of Ca
2+

 on the conversion of protein 

fibers to carbon fibers and their subsequent morphology. As shown in Figure A2-1 in Appendix 

A2, the protein-calcium nanofibers experienced several steps of decomposition during heating 

from 25 to 850˚C. For protein nanofibers alone, the decomposition started at around 200˚C and 

the rate levelled off at about 500˚C with approximately 80% of the initial weight loss. A more 

complex decomposition process was observed for the protein-calcium fibers, due to the 

multiple-step conversion of calcium acetate (CA) into calcium oxide.
277

 CA dehydrates and loses 

crystal water from 90 to 180˚C, and then decomposes into calcium carbonate and acetone in the 

second step at around 300 to 400˚C, together with the decomposition of protein. Finally, the 

calcium carbonate decomposes into calcium oxide and carbon dioxide at about 590˚C. Carbon 

dioxide and other volatiles molecules gradually released during heating may partially oxidize 

adjacent carbon
278

 and create pores on the fibers, leading to an increased specific surface area of 

the carbon sample. 
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As shown in Figure 5—2, after carbonization, proteins melted and most of fibers fused together 

when Ca
2+

 was 4%. When the Ca
2+

 increased to 8%, the nanofiber structure was partially 

sustained, although some fibers were fused and swollen. Notably, P-10%Ca showed 

homogeneous, smooth and flexible carbon fibers after carbonization. No fibrous structure was 

observed when the Ca
2+

concentration was further raised to 12%. This indicates that Ca
2+

 plays an 

important role in maintaining the protein fibrous structure during the carbonization process at 

high temperatures. When dissolved in the electrospinning solution, hordein unfolded into an 

extended conformation in acetic acid, which exposed carboxyl groups to the protein surface.
93

 

This promoted protein intra and intermolecular interactions
279, 280

 bridged by Ca
2+

 during 

electrospinning. The increased protein-protein interactions resulted in an increase of activation 

energy and consequently improved the thermal stability of plant protein nanofibers.
281

 Moreover, 

during the increase of carbonization temperature, calcium acetate decomposed into calcium 

carbonate and further into calcium oxide. Calcium carbonate and calcium oxide sintered into a 

solid fibrous framework, which may have restricted the melting of protein.
282-284

 Thus, calcium 

could help proteins convert into solid carbonaceous materials without melting to shapeless 

liquefaction and losing fibrous structure. However, excess of calcium led to the formation of 

large salt particles which expanded extensively during carbonization and destroyed the 

continuous protein fiber network, resulting in irregular fiber morphology.
282, 285

 As compared to 

P-10%Ca, the carbon material obtained from glutaraldehyde cross-linked protein-10% Ca
2+

 

fibers (P-10%Ca-CL) had a more continuous and interconnected structure with less rupture. The 
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3D interconnected fibrous network of P-10%Ca-CL is more favourable than the separated fiber 

network of P-10%Ca since a continuous network facilitates the electron transportation and 

reduces the contact resistance. Usually, carbon fibers have excellent electronic conductivity 

along the fiber axis. However, due to the large distance among fibers, carbon fibers have contact 

resistance, which can limit their performance.
100

 Meanwhile, the macropores formed by 

interlaced carbon fibers can serve as ion-buffering reservoirs and can minimize the diffusion 

distances of ions to the interior surfaces.
240

 This then contributes to a lower diffusive resistance, 

higher rate capacitance and power density of the carbon materials.
117

 For these reasons, the 

structure of P-10%Ca-CL was superior to P-10%Ca and was selected for the further experiments. 

 

Figure 5-2 SEM images of carbon samples derived from plant protein-calcium electrospun fibers 

at 850°C: (A) P-4%Ca; (B) P-8%Ca; (C) P-10%Ca; (D) P-12%Ca and (E) P-10%Ca-CL. Scale 

bars: 2.5 µm. 
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5.3.3 Chemical characterization and porous structure of P-10%Ca-CL 

A large proportion of heteroatoms, such as nitrogen, improves the wettability, electronic 

conductivity and capacitance of carbon.
102, 123

 X-ray photoelectron spectroscopy (XPS) was used 

to verify whether N and O originally from protein could be retained in the carbon samples after 

carbonization. The survey spectra in Figure 5-3 A and Figure A2-2 in Appendix A2 indicates 

that C 1s, N 1s, O 1s and trace amount of unwashed Ca (at around 347 eV) existed in the 

P-10%Ca-CL, P-10%Ca and P-12%Ca carbon samples, respectively.
286

 The percentages of C, N 

and O in carbon samples were summarized in Table 5-1 as measured by XPS. The N content of 

the original fibers was around 15 wt% as measured by combustion using the Leco nitrogen 

analyzer. During carbonization, part of the heteroatoms, including N, O, H and S in the amino 

acid residues turned into volatile molecules. In P-10%Ca-CL sample, 6-7 at% (atomic percentage) 

(7-8 wt%) of N was retained after carbonization. P-10%Ca-CL had higher C content and lower N 

content than P-10%Ca. This could be explained by the incoperation of glutaraldyhyde (C5H8O2) 

which does not contain any nitrogen. The N content in the P-10%Ca-CL sample is lower in 

nitrogen than carbon fibers made from synthetic polymer polypyrrole (10%), but surpasses those 

made from raw biomass such as human hair
122

, silk cocoon
141

 and gelatine
142

, indicating that 

carbonization of plant-protein is an effective method to prepare nitrogen-doped carbon fibers.  
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Figure 5-3 XPS of P-10%Ca-CL sample. A is the survey spectra. B and C are the deconvoluted 

C 1s and N 1s peaks, respectively. 

Table 5-1 Element composition information of plant protein-calcium derived carbon samples.  

 

* atomic ratio from XPS 

 

The nitrogen functional groups of P-10%Ca-CL were further investigated by deconvolution of 

the N 1s peak. As shown in Figure 5-3 C, four types of N groups were observed in the 

P-10%Ca-CL sample, namely pyridinic N (N-6) at 398.4 eV, pyrrolic/pyridine N (N-5) at 400.0 

eV, quaternary N (N-Q) at 401.1 eV and oxidized N (N-X) at 402.6 eV.
256, 287

 N-6 and N-5 

contributed 41.7 and 35.6% of the total N, respectively, followed by N-Q (17.6%). N-6, N-5 and 

N-X are the N groups located at the edges of graphite plane, which are more active than those in 

the middle of graphite plane (N-Q).
256

 Moreover, it has been reported that N-6 and N-5 

Samples C (%)
* 

O (%)* N (%)* 

P-10%Ca 84.3 8.2 7.5 

P-10%Ca-CL 85.9 7.7 6.4 

P-12%Ca 91.2 2.3 6.5 
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contributed positively to the capacitance performance of carbon materials through faradaic 

reaction based pseudocapacitance, while N-Q enhanced the electronic conductivity by assisting 

electron transfer through the carbon.
119, 120

 Additionally, C 1s spectrum could be fitted into 4 

peaks centered at 284.8 eV (70.8 at%), 286.0 eV (18.4 at%), 287.2 eV (7.2 at%) and 288.8 eV 

(3.6 at%), which are assigned to sp
2
 C=C/sp

3
 C-C graphitized carbon, carbon in phenolic alcohol 

ether (C-O), carbon in carbonyl or quinone group (C=O), carbon in carboxyl group (O=C-O) and 

carbon in carbonate groups, respectively. Based on their hydrophilic nature, oxygen functional 

groups could improve the wettability between electrode and electrolyte.
119

 Also, the quinone 

group (C=O) contributed to the capacitance of carbon materials through reversible 

oxidation/reduction reactions.
119, 120

 

Figure 5-4 and Figure A2-3 in Appendix A2 show the microstructure of the ground P-10%Ca-CL 

and P-10%Ca samples, respectively. Amorphous porous structure and aligned graphitic layers 

structure were both observed on carbon fibers with HR-TEM. The inset of Figure 5-4A clearly 

showed the existence of pores in meso and micro range with split or irregular shapes. The 

interconnected split-shape pores worked as channels for transportation and penetration of 

electrolyte ions inside the carbon fibers. It is interesting to observe both ordered stacking 

graphitic nanosheet structure and onion-like carbon structure in the P-10%Ca-CL sample, as 

shown in Figure 5-4 B. The onion-like carbon structure is considered to be quasi-spherical 

nanoparticles consisting of concentric graphitic shells.
288

 Protein based biomaterials had the 

potential to form partially aligned graphitic structure as shown in Chapter 4, as well as one study 
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on silk protein based carbon materials,
142, 245

 but this is the first time that such highly ordered 

spherical graphitic structure is reported within carbon fibers derived from biomass. For 

onion-like carbon, the surface area is fully accessible to ion absorption.
289

 The large graphitic 

nature and abundant external surface area provides onion-like carbon high potential to be used 

for fast charge and discharge applications.
104

 Also, due to the positive surface curvature, the 

onion-like carbon structure facilitates electrical double layers and a reduced electrical field near 

the spherical surfaces and can lower the driving force for counter-ion absorption and co-ion 

desorption.
104, 290

 Thus, the onion-like carbon electrode may have the potential to exhibit high 

power density.
104

 The graphitic structure can further benefit the carbon electrode with its 

excellent intrinsic in-plane electrode conductivity.
291

 As compared to the conventional methods 

for making porous graphitic materials, which use high energy input and/or corrosive chemicals, 

this study has provided a convenient and cost-effective route to prepare porous graphitic 

structure at a relatively low temperature of 850°C. 
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Figure 5-4 TEM images of ground P-10%Ca-CL carbon nanofibers of different magnifications. 

Inset of Figure 5-4 A is the magnified image of the selected area. 

Figure 5-5 shows the X-ray powder diffraction (XRD) patterns and Raman spectra of the 

P-10%Ca-CL carbon sample. Both results provided support to the conclusion that the graphitic 

structure existed in the P-10%Ca-CL sample. Two major peaks were observed on the XRD 

pattern (Figure 5-5 A). The peak centered at a 2 of 24.3° was assigned to the (002) plane of 

graphite, while the peak at about 44.0° corresponded to the (100) crystal plane.
130, 292

 Based on 

the of (002) plane, the layer-to-layer distance (d-spacing) between bent graphitic layers was 

calculated by the following equation: 

d002 = sin

ere, is the wavelength of X-ray used in experiments. Thus, the d002 of the graphitic layers in 

P-10%Ca-CL is 0.37 nm, which is slightly higher than that of natural graphitic carbon lattice at 
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0.34 nm.
242

 The larger spacing could possibly be due to the presence of oxygen and nitrogen 

functional groups on the graphitic plane or other structural defects.
250

 The insertion of O and/or 

N causes changes of the reacting carbon atoms from sp
2
 to sp

3
. The out of plane C-N or C-O 

covalent bonds resulted in the atomic scale roughness, thus, increased the distance between 

graphene layers.
251, 252

 Despite this, the graphitic layers were in good order along the stacking 

direction. P-10%Ca and P-12%Ca carbon samples also showed similar peaks (Figure A2-4 in 

Appendix A2), indicating the existence of a similar graphitic structure. Hence, it was concluded 

that the formation of the graphitic structure was independent of glutaraldehyde cross-linking and 

the carbon sample morphology.  

 

Figure 5-5 XRD pattern (A) and Raman spectra (B) of P-10%Ca-CL carbon nanofibers. 

A Raman spectrum was conducted to demonstrate the distinguished ordered and disordered 

crystal structures of P-10%Ca-CL.
254

 The G band located at about 1598 cm
-1

 and the D band at 
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1346 cm
-1 

were the two typical features as illustrated in Figure 5-5 B. The D band is related to 

defective sites or disordered sp
2
 hybridized carbon of graphite, while G band corresponded to the 

E2g phonon of sp
2
 carbon atoms and serves as an indicator of graphitic structure.

266
 Thus, the 

ratio between intensities of G and D bands, namely IG/IDvalue, is proportional to the degree of 

crystallization of the carbon materials. The IG/ID of P-10%Ca-CL was calculated to be 1.02, 

indicating a smaller size of in-plane sp
2
 domains and/or partially ordered crystal structure as 

compared to natural graphite. As demonstrated in Figure A2-5 in Appendix A2, P-8%Ca, 

P-10%Ca and P-12%Ca have G bands and D bands at similar wavenumbers. As the calcium 

amount increases from 8 to 10%, the IG/IDvalue increases from 0.95 to 1.07, indicating that 

calcium may help in the formation of graphitic structure. However, when the calcium amount 

was increased to 12%, IG/IDvalue dropped to 0.93, which may be explained by the smaller size of 

the in-plane sp
2
 domains due to the disruptive influence of excessive calcium salt on the carbon 

materials.
254

 

The specific surface area of P-10%CA-CL was also measured. The nitrogen 

adsorption-desorption isotherm and the pore size distribution are displayed in Figure 5-6. The 

nitrogen absorption increased largely at low relative pressure region (P/P0<0.01), suggesting the 

existence of micropores (<2 nm).
129

 Then, the isotherm continued to gradually rise in the mid 

pressure region. Finally, a sharp uptake occurred at a relative pressure of 0.8-1.0 and the 

absorption was not saturated even at P/P0 of 0.98.There was a clear hysteresis loop at P/P0 

between 0.4 and 1.0. These results indicate the co-existence of plentiful mesopores (2-50 nm) 
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and macropores (>50 nm) in the fiber matrices.
141

 The hysteresis loop is correlated to the 

capillary condensation in the mesopore structures
136, 249

 and the shape of the hysteresis loop is 

associated with the specific pore structures.
249

 Since the adsorption and desorption branches were 

parallel to each other from 0.4 to 0.8, the hysteresis loop of P-10%Ca-CL was considered to be 

Type H3, which is usually observed for samples with slit-shaped pores based on aggregates of 

plate-like particles.
249

 The specific surface area of P-10%Ca-CL was 348.4 m
2
/g as calculated by 

the Brunauer-Emmett-Teller (BET) method. The total volume was about 1.73 cm
3
/g according to 

the maximum amount absorbed at P/P0 of 0.98. The average pore diameter was around 9.9 nm. 

The specific surface area of P-10%Ca-CL nanofibers is comparable to some carbon nanofibers 

such as the carbon fibers made from lignin
131

 and carbon fibers made from polyacrylonitrile
271

, 

but smaller than those of active carbons (on the order of 1000 m
2
/g).

102
 This may be due to the 

formation of granular like graphitic structure. It is known that graphitization could reduce the 

specific surface area of carbon materials dramatically.
289, 293

 The pore size distribution was 

analyzed based on the desorption branch of the isotherm by the Barrett-Joyner-Halenda (BJH) 

method. In the micropore region, a sharp peak is located at round 1.9 nm followed by a smaller 

peak at 8.7 nm in the mesopore region. The macropores formed by the interlaced fibers was too 

large to be calculated by this model. This result is in agreement with the observations based on 

SEM and TEM images, confirming that P-10%Ca-CL has well developed hierarchical pore 

structures at micro, meso and macro range. This hierarchical pore structure can enhance the 

supercapacitance performance since micro and mesopores provide high accessible surface area 
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for larger capacitance, while interconnected meso and micropores facilitate ion transport to 

ensure high rate capability and power density.
117

  

 

Figure 5-6 Nitrogen adsorption and desorption isotherm and pore size distribution (inset) of 

P-10%Ca-CL. 

5.3.4 Electrochemical properties 

The electrochemical properties of the carbon samples were evaluated in 6 M KOH to test their 

performance as supercapacitor electrode materials. Figure 5-7A shows the cyclic voltammetry 

(CV) curves of carbon samples prepared with different amounts of calcium. CV curves of all five 

samples at a scan rate of 50 mV/s are in quasi-rectangular shape, indicating a double-layer 

capacitor nature of the charge-discharge process.
122

 Also, broadened humps were observed on 

the CV curves of all the samples, which are considered to be caused by the redox reactions of 

various oxygen and nitrogen functional groups.
294

 When the Ca
2+

 was increased from 4 to 10%, 

the specific current increased. This phenomenon could be explained in two ways: firstly, a larger 

amount of calcium salt led to a greater degree of activation during carbonization; secondly, 
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P-4%Ca did not maintain fibrous structures after carbonization, while P-10%Ca possessed a 

well-developed nano-fibrous structure, which permitted a greater specific surface area and 

hierarchical porous structure. The interconnected macropores and 3D fibrous structure of 

P-10%Ca facilitated the penetration and transport of electrolyte ions. On the other hand, the 

capacitance of P-4%Ca was limited by the poor accessibility of electrolyte ions to the pores 

inside the carbon. At a scan rate of 50 mV/s, P-10%Ca-CL showed the greatest specific current 

among all 5 carbon samples, attributed to a large ion-accessible specific surface area, a large 

amount of heteroatoms and interconnected nanofiber network. The CV curves of P-10%Ca-CL 

obtained at different scan rates are shown in Figure 5-7 B. The current density increased with the 

scan rate. The quasi-rectangular shape of the CV curve was maintained even at scan rates as high 

as 150 mV/s without distortion, which is associated to the rapid ion transport pathway formed by 

plentiful meso and macropores. 
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Figure 5-7 (A) CV curves of P-4%Ca, P-8%Ca, P-10%Ca, P-12%Ca and P-10%Ca-CL at a scan 

rate of 50 mV/s; (B) CV curves of P-10%Ca-CL at different scan rates from 10 to 150 mV/s; (C) 

galvanostatic charge-discharge curves of P-10%Ca-CL at different scan rates from 0.5 to 8 A/g; 

(D) specific capacitance of P-10%Ca-CL as a function of current density and (E) cyclic stability 

and capacitance retention of P-10%Ca-CL at current density of 10 A/g; (F) EIS Nyquist plots of 

P-10%Ca-CL (inset is the high and medium frequency regions). 
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A galvanotatic charge-discharge test was also conducted in 6 M KOH at room temperature. The 

galvanostatic charge-discharge curves of P-10%Ca-CL at different current densities were shown 

in Figure 5-7 C. The quasi-linear nature for P-10%Ca-CL also indicates the presence of 

graphitization and improvement in conductivity.
122, 295

 The slight deviation at around -0.5 V and 

at -0.2 to -0.1 V was attributed to the pseudocapacitance effects of N and O functional groups.
122, 

296
 The specific capacitance of P-10%Ca-CL was calculated to be 223.4 F/g at a current density 

of 0.5 A/g based on the galvanostatic charge-discharge test. This is among the best capacitive 

performances from carbon fibers derived from synthetic polymers and/or biomass in aqueous 

electrolyte solutions reported in the literature.
98, 123, 124, 141, 264, 271

 The areal specific capacitance of 

P-10%Ca-CL was calculated to be 64.1 µF/cm
2
, which is greater than the theoretical capacitance 

of carbon (10-25 µF/cm
2
)
138

 and other carbon materials reported recently, such as carbon 

aerogels (~10 µF/cm
2
), glass carbons (20 µF/cm

2
) and multiwall carbon nanotubes (8.7 

µF/cm
2
).

100
 Given the relatively small specific surface area of P-10%Ca-CL, pseudocapcitance 

induced by redox reaction of N and O functional groups played a major contribution to this 

excellent specific capacitance.
102

 This is in agreement with many recent studies that showed not 

only specific surface area, but also the surface heteratomic functional groups, play essential roles 

in determining the specific capacitance of carbon materials.
102, 120, 138

 The high areal specific 

capacitance of P-10%Ca-CL suggest its potential application on large scale devices, such as 

highly compact electric power sources.
105

 As shown in Figure 5-7 D, with the decrease of the 

specific capacitance the current density increased and then levelled off at 4 A/g. Moreover, 
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P-10%Ca-CL had about 98% of capacitance retained after 5,000 cycles of charging-discharging, 

exhibiting its excellent cyclic stability and potential lifetime in an alkaline electrolyte (Figure 5-7 

E). This makes P-10%Ca-CL favourable for industrial and household applications.  

Nyquist plots of P-10%Ca-CL obtained from electrochemical impedance spectroscopy (EIS) test 

between 10
-2

 to 10
5
 Hz are shown in Figure 5-7 F, and provide information about the internal 

resistance of the electrode materials and the resistance between electrode and electrolyte.
131

 The 

fast ion and electrode transport can be further confirmed by the Nyquist plots.
137

 In the 

low-frequency region, the Nyquist plots of P-10%Ca-CL were close to vertical, confirming its 

electrochemical double layer capacitance nature.
297

 In the middle frequency, the projected length 

of the Warburg-type line (the portion of Nyquist plots with a slope of 45°) on the real axis 

represents ion diffusion process from electrolyte to the electrode surface.
128

 The Warburg lines of 

P-10%Ca-CL were rather short, meaning that it had short electrolyte diffusion pathways due to 

its partial graphitic structure
137

 facilitating ion transport and the macropores serving as 

electrolyte reservoirs.
298

 In the mid and high frequency region, the intercept on the real axis is the 

equivalent series resistance (ERS) and the depressed semi-circle is associated to the charge 

transfer impedance at the electrolyte and electrode interfaces.
137

 The semi-circle of P-10%Ca-CL 

has a small intercept of about 1.75 ohm on the real axis. The small semi-circle was an indicator 

of the low charge-transfer resistance in the electrode materials, showing that P-10%Ca-CL was 

favourable for ion access. Both the good wettability resulting from heteroatomic functional 
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groups at P-10%Ca-CLsample surface
298

 and its porous graphitic structure benefit the effective 

ion migration into the electrode.
137

 

5.4 Conclusions 

This work demonstrates for the first time that plant protein electrospun fabric can be converted 

into nitrogen-doped porous carbon nanofibers with a highly ordered granular graphitic structure 

by one-step pyrolysis. With the intention of supercapacitor applications, this method is 

cost-effective and eco-friendly since hordein and zein are abundant by-products of cereal 

processing industries. Also, the graphitic structure is formed at a relatively low temperature 

without the use of a catalyst. The optimized sample P-10%Ca-CL exhibited an interconnected 

carbon nanofiber network, a relatively large amount of N (7%) mainly in the form of pyridinic 

and pyrrolic N, and a well aligned granular graphitic structure. Due to the unique morphological 

and chemical properties, this carbon fiber material demonstrated excellent capacitor performance: 

an areal specific capacitance of 64 µF/cm
2
 and a cyclic stability of 98% retention after 5,000 

charge-discharge cycles. Nitrogen-doped porous graphitic carbon nanofibers derived from plant 

protein have the potential to be used as capacitors in industrial applications and household 

electronic products. The synthesis strategy developed in this study opens up a novel, effective 

and green approach to prepare functional carbon capacitor materials from a protein based 

biomass. 
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Chapter 6  

Final Remarks 

6.1 Summary and conclusions 

Barley is the fourth most important crop around the world and contains 8-15% protein in the 

dried grain. However, the utilization of barley is limited to feed and malt industries. Studies on 

barley protein applications are far from sufficient. In this PhD research program, the interfacial 

behaviour of barley proteins was systematically investigated (Objective 1, Chapter 2). Grounded 

on the generated knowledge, barley protein based nanoparticles were successfully developed 

(Objective 2, Chapter 3). To further explore value-added application opportunities, barley 

protein based electrospun fibers were converted to carbon fiber network as energy storage 

materials for the first time (Objectives 3&4, Chapters 4&5). This section highlights the findings 

and conclusions made in each study. 

6.1.1 Conclusions of study 1 

Interfacial property is one of the most important functionalities of food proteins. Though the 

foaming, emulsifying and encapsulating capabilities of barley proteins were presented in some 

previous studies, interfacial properties of barley proteins were not clear yet. Thus, study 1 

investigated the behaviour of barley proteins at the interface. B-hordein was selected to be a 

representative of barley proteins in this fundamental work since hordein was the largest 

component of barley proteins and B-hordein was the major fraction of hordein. The results 
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revealed that B-hordein adsorbed to the air-water interface rapidly and 1 mg/mL B-hordein 

solution was able to reduce the surface tension to ~45 mN/m within 2 h. As shown by the 

interfacial dilatation and shear rheology, B-hordein molecules formed a solid-like film at the 

interface. With longer aging time, the B-hordein interfacial network became stiffer and more 

elastic. The result obtained from Longmuir-Blodgett trough revealed that B-hordein molecules 

changed from expanded liquid to solid-like phase without collapse when the surface pressure 

was increased to 30 mN/s, which was interesting as compared to many other hydrophilic food 

proteins reported in the literature. Also, polarization modulation-infrared reflection absorption 

spectroscopy (PM-IRRAS) showed that B-hordein molecules tilted their hydrophobic repetitive 

region away from the aqueous phase toward air phase upon continuous compression. The 

intermolecular β-sheets developed upon compression might contribute to the formation of the 

highly elastic B-hordein film at the interface. Finally, the in situ pepsin digestion test showed 

that the B-hordein film formed at 30 mN/s was resistant to gastric environment degradation, 

which might be attributed to the hydrophobic region being hidden from the aqueous phase 

through protein conformation and orientation changes as mentioned above. Overall, the 

fundamental knowledge of study 1 demonstrated that B-hordein had excellent interfacial 

properties and had potential to be used to stabilize emulsions and encapsulations with 

controllable gastric digestibility. Thus, barley proteins can be utilized in many applications such 

as small intestine targeted delivery system of bioactive compounds. 
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6.1.2 Conclusions of study 2 

Based on the interfacial properties of B-hordein and its resistance to the gastric environment, 

barley protein based nanoparticles were successfully developed at ambient temperature without 

the addition of organic solvent and surfactant in study 2 as a delivery system for lipophilic 

bioactive compounds. Canola oil with 0.05% (w/v) β-carotene was used as the lipid phase to be 

encapsulated in the coating of barley proteins. The lipid phase was mixed with aqueous protein 

suspension to prepare a coarse emulsion, followed by passing it through high pressure 

homogenization to form solid nanoparticles. The optimized nanoparticles had regular spherical 

shape, smooth surface, small size of 90-150 nm, narrow size distribution (PDI<0.3) and high 

zeta-potential of -35 mV. The influences of processing pressure, number of recirculation and 

formulation on particle size and size distribution were investigated. With increasing circulation 

times and pressure, particle size decreased and size distribution became narrow. Increasing the 

pressure above 16,000 psi, particle size increased significantly due to ‗over-processing‘ 

phenomenon. When oil-to-protein ratio was increased, mean particle size increased. Stable 

nanoparticle suspension could be obtained at a protein concentration of up to 5% when the 

oil-to-protein ratio was maintained within 1 to 1.5. Release test showed that the bulk protein 

coating was degraded in SGF, but a thin layer of barley protein covering the oil-droplet surface 

was resistant to pepsin digestion. Complete release of the oil phase occurred in SIF. In vitro test 
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exhibited that barley protein based nanoparticles had low cytotoxicity and could be internalized 

by Caco-2 cells. 

6.1.3 Conclusions of study 3 

Electrospinnability is another important functionality of hordein. In study 3, hordein/zein based 

electrospun nanofibers were prepared in the presence of lignin, which were then converted into 

carbon fibers by carbonization and CO2 activation. The influences of protein-lignin ratio and 

carbonization temperature on the morphology of carbon products were investigated. The optimal 

carbon sample (L5P5-900-ACT) with hierarchical pores and interconnected carbon fiber network 

was prepared with protein-lignin ratio of 50:50 at 900 °C, followed by CO2 activation at 800°C 

for 3 h. Nitrogen adsorption-desorption isotherm showed that the specific surface area of 

L5P5-900-ACT was 771.5 m
2
/g. Macro, meso and micropores coexisted on the fiber. The 

interconnected large macropores formed by interlaced fiber as well as the macro and mesopores 

on the fiber surface facilitated the transport of electrolyte ions. The meso and micropores 

endowed fibers high specific surface area and high capacitance. L5P5-900-ACT had 4% nitrogen 

atoms, which are mainly pyridinic and pyrrolic nitrogen. Nitrogen functional groups can enhance 

carbon fiber capacitance through faradaic reactions. TEM, XRD pattern and Raman spectrum 

confirmed the existence of graphene-like nanosheet structure on the L5P5-900-ACT carbon fiber. 

Electrochemical tests demonstrated that L5P5-900-ACT had excellent capacitance of 240 F/g 

and 31.2 µF/cm
2
 in 6 M KOH at 0.25 A/g. L5P5-900-ACT also showed good conductivity and 
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high cyclic stability with 95% retention after 5,500 charge-discharge cycle. L5P5-900-ACT had 

potential to be used as electrode material for supercapacitors. 

6.1.4 Conclusions of study 4 

In study 4, a facile and green one-step pyrolysis method was developed to prepare 

nitrogen-doped porous graphitic carbon nanofibers from plant protein (hordein and zein) 

electrospun fabrics. Calcium acetate was added to the electrospinning dope to modulate the 

diameter of electrospun fibers. When Ca
2+

 was increased from 4 to 10%, the fiber diameter 

decreased from 992 to 413 nm. The carbon sample prepared with 18% protein and 10% Ca
2+

 

exhibited a homogeneous, smooth and flexible fiber structure. The optimized sample 

P-10%Ca-CL had 6.4% of nitrogen, which was higher than the nitrogen content of carbon 

materials made from other biomass reported in the literature. Well aligned stacking graphitic 

nanosheet structure and onion-like carbon structure were observed in the P-10%Ca-CL carbon 

sample. This is the first time that such highly ordered granule-like graphitic structure was found 

within carbon fibers derived from biomaterials. Due to these morphological and chemical 

features, the carbon fiber sample demonstrated ultrahigh areal specific capacitance of 64 µF/cm
2
 

and excellent cyclic stability of 98% retention after 5,000 charge-discharge cycles. The approach 

developed in this study provided a convenient and environmentally friendly way to prepare 

porous graphitic carbon fibers from renewable biomaterials. 
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6.2 Significance of this work 

There is a growing market demand on products made from biomaterials which are renewable, 

biocompatible and biodegradable. Based on the large production of barley, barley proteins are 

abundant and affordable biomaterials. However, the value of barley proteins has been 

underestimated and their utilization is still not fully explored, which might be due to the 

insufficient fundamental knowledge available on barley protein. 

This PhD research is the first to investigate the interfacial properties of barley proteins 

systematically at molecular level. By employing B-hordein as a model protein, this study 

demonstrated how conformation and orientation changes of protein molecules at the interface 

upon compression influenced the digestibility of the protein network. Fundamental knowledge 

gained from this study helps the rational design of barley protein based functional food and 

delivery systems for bioactive compounds. Grounded on this, barley protein based nanoparticles 

were successfully prepared through high pressure homogenization as delivery systems to 

improve the bioavailability of lipophilic nutraceuticals, which significantly extended the 

applications of barley protein to food and pharmaceutical area. Also, this finding deepened our 

understanding on protein-based emulsion digestion, guiding us towards improved control of 

dietary intake. 

Moreover, this work is the first to report that protein based electrospun fibers can be successfully 

converted into carbon nanofibers. Carbon fibers either derived from protein-lignin or 
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protein-Ca
2+

 fibers showed excellent capacitance and cyclic stability, which made them 

promising to be used as electrode materials. These findings opened up new applications of barley 

proteins in high technology area, such as energy storage systems and power management. It is 

also a part of the research effort to develop electrical devices from renewable and green 

biomaterials.  

Overall, results obtained in this work provide brand new applications of barley proteins, which 

can broaden the application of barley and commercially benefit the Canadian barley producers 

and processors. 

6.3 Recommendations for future work 

This PhD research brings up some interesting ideas which may be valuable for future studies. 

Here, a few possible points are listed. 

(1) This study systematically investigated the interfacial properties of barley proteins at model 

air-water interface. It is also necessary to confirm these finding at an oil-water interface. The in 

situ digestion test was conducted in a simulated gastric environment. The influences of intestinal 

conditions, such as bile salts, pH and enzymes, on the protein interfacial network are still not 

clear yet. This gap should be filled in the near future to direct us for rational design of 

protein-based emulsion with desired digestibility. 

(2) Barley protein based nanoparticles have been successfully prepared in this work at lab scale. 

The potential of using barley protein nanoparticles as delivery system has been preliminarily 
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proven. However, pilot scale experiments are needed to optimize the processing conditions 

before barley protein nanoparticles can be used at industrial scale. Also, barley protein 

nanoparticles showed good storage stability in this study. It is interesting to test the compatibility 

of barley protein nanoparticles with various real food systems, such as milk, juice, snacks etc. 

Also, the influence of the addition of barley protein nanoparticles on the food sensory properties 

are necessary to be explored. Sequential in vivo tests are needed to evaluate the bioavailability of 

the encapsulated nutraceuticals and confirm the safety of the barley protein nanoparticles.  

（3）Carbon fibers derived from plant proteins (hordein and zein) were observed to have highly 

ordered graphene-like nanosheet or granule-like graphitic structure. This finding is very valuable 

since graphene endows carbon materials some useful features, such as good electrical 

conductivity. This graphitic structure was formed at a relatively low temperature (<1000°C) 

without catalysis. This may be related to the secondary structures of protein. However, the 

detailed mechanism is far from clear. 

(4) It was exciting to find that Ca
2+

 can facilitate the conversion of protein fibers to carbon fibers. 

More efforts are needed to fabricate this flexible carbon fiber mat into novel devices, such as 

supercapacitor, sensors, electronic devices, artificial scaffolds and smart textiles. 
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Appendix A1 

 

 

Figure A1-1 SEM images of electrospun protein-lignin fibers: (A) protein; (B) L2P8; (C) L5P5 

and (D) L8P2. Scale bar is 2.5 µm. 

 

Figure A1-2 (A) TGA of protein fibers with 2 °C/min. (B) deconvoluted FTIR spectra of original 

electrospun protein fibers and protein fibers heated to 200 °C for 2h.  
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Figure A1-3 XRD patterns of carbon samples L5P5-750 and L5P5-900. 

 

Figure A1-4 XPS spectra of carbon samples L5P5-750 and L5P5-900. 
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Appendix A2 

 

Figure A2-1 TGA of protein original fibers and protein and 10% calcium original electropun 

fibers with 2 °C/min. 

 

Figure A2-12 XPS survey spectra of P-10%Ca and P-12%Ca. 
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Figure A2-3 HR-TEM images of P-10%Ca. 

 

 

Figure A2-4 XRD patterns of P-10%Ca and P-12%Ca. 
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Figure A2-5 Raman spectra of P-8%Ca, P-10%Ca and P-12%Ca. 


