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1. INTRODUCTION  

Proteins are essential nutrients that can be hydrolysed, absorbed and reconstituted into 

structural proteins and enzymes to maintain our metabolism, and may also provide energy. 

Major protein sources are from animals or plants. Plant proteins, especially when the 

production is in commercial- and industrial-scale, are generally regarded as more 

sustainable protein sources than animal proteins (Poore & Nemecek, 2018). Increasing 

demand for high-quality protein is expected by 2050 due to the rapid growth of population 

and increasing living standards, and there will be a shortage of protein if no initiative is 

taken. Therefore, it has been proposed that plant-based diets should be considered (Sabaté 

& Soret, 2014).  

However, there are also shortcomings when using plant proteins as the sole protein source. 

Firstly, the nutritional quality of plant protein is generally inferior compared to animal 

proteins. Most plant proteins are regarded as incomplete, which means that they do not 

contain the correct proportion of essential amino acids (Young & Pellett, 1994). In addition 

to the inherent nature of amino acid composition, there is another problem of protein 

digestibility. In general, when compared with plant-derived proteins, more amino acids are 

digested and absorbed when dairy proteins are consumed (Mathai, Liu, & Stein, 2017).  

In order to solve the problem of poor protein quality of plant protein and the possible 

sustainable problem of animal proteins, partial replacement of animal-derived protein with 

plant protein had been proposed as one of the solutions to meet the demand for high-quality 

protein (Boland et al., 2013). By substituting part of the animal proteins by plant proteins, 
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Chapter 5 reports investigations on the chaperone-like effect of caseins on the heat-induced 

aggregation of HG. Solubility, colloidal stability and aggregation kinetics of HG or HG-

casein blends were measured during heat treatment (90 °C, 0.5 M ionic strength for up to 

15 min). The effect of caseins on the aggregate size of HG was explained by the change of 

aggregation regime. The molecular interactions between HG and caseins was characterised 

and a new high through-put method was developed to quantify the hydrophobic 

interactions in real-time.  

Another method, pH-cycling, is reported in Chapter 6 to introduce interactions between 

HG and caseins. During pH-cycling, the pH of HG dispersion was adjusted to 12 before 

neutralisation to pH 7. Colloidally stable casein-hemp protein nanoparticles were made 

after the pH-cycling process. These nanoparticles were characterised, and the improvement 

of HG solubility was measured. In addition, the heat stability and the molecular interactions 

(covalent or non-covalent) of these protein nanoparticles were studied.  

Concentrated Pickering emulsions stabilised by casein-hemp protein nanoparticles made 

in chapter 6 was investigated in chapter 7. The stability and rheological properties of these 

Pickering emulsions were monitored during storage. The rheological properties of 

emulsions stabilised by casein-hemp protein particles can be tuned by adjusting HG/casein 

ratio. The structure of emulsions was elucidated by the data of rheological experiments and 

confocal laser scanning microscopy. 
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Table 1 Distribution of storage protein types in seed of selected crops. Adapted 
from Shewry and Casey (1999). 

 2S Albumins 7S Globulins 11S Globulins Prolamins 

Major components Legumes  
Castor bean  
Cottonseed  
Brazil nut 

Legumes  
Cottonseed  
Palms 
Cocoa 

Legumes  
Oats and Rice  
Hemp 
Brazil nut 

Cereals 

Minor components  Cereals French bean Oats  

Rice 

 

 Storage proteins of soy, pea and hemp 

Globulins are the major seed storage proteins in legumes and hemp (Table 1). About 90% 

of soy storage protein is globulin, and the levels of globulins in pea and hemp are 50-60 % 

and 60-80 % respectively (Day, 2013; Park, Seo, & Lee, 2012). However, the ratios of 11S 

to 7S globulins are different among these plants and might result in different protein 

functionalities. The protein functionalities are specific functional properties that protein 

could perform in the food systems, such as forming the colloidal structures that serve as 

building blocks of the food matrix (Foegeding & Davis, 2011; Kristo & Corredig, 2014), 

being emulsifier or inactive filler that does not increase the solubility, etc.  
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resulting in lower solubility (Sava, Van der Plancken, Claeys, & Hendrickx, 2005). Heat-

induced aggregates may cross-link into a 3-dimensional and self-supporting network when 

the protein concentration exceeds the critical concentration (Mahmoudi, Mehalebi, Nicolai, 

Durand, & Riaublanc, 2007). 

2.3. Comparison of functionalities between soy and milk proteins 

The functionality of plant protein is different from than that of dairy protein. Webb, Naeem, 

and Schmidt (2002) compared several functionalities of soy protein isolate (SPI), whey 

protein isolate (WPI) and SC. SPI is the most common plant seed protein product in the 

market, so it can be seen as the benchmark for the plant protein functionalities. The results 

show that the solubility, foam capacity and foam stability of SPI is much lower than that 

of dairy proteins. On the other hand, SPI is a more potent protein when it comes to making 

O/W emulsion by having higher emulsifying properties (emulsion activity, stability and 

higher amount of adsorbed protein on the interface). 

2.4. Protein-protein interactions 

There are many types of molecular interactions between polypeptide chains (Figure 2-2). 

The sum of these interactions determines the structure of a native protein and its 

functionalities. Interactions between proteins take place during food processing due to the 

change of environment (temperature, pH, shearing force, etc.), and thus the functionalities 

and the structure and texture of the food change accordingly. 
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Figure 2-2 Schematic figure of possible protein-protein interactions between 
side chains of amino acids. 

 Covalent interactions 

Disulfide bonding is the most common covalent linkage between side chains of amino acids 

in the protein. It is a strong bond formed between two thiol groups of cysteine, with the 

heat of formation of about 50 kcal/mol (Howell, 1992). 

 

Figure 2-3 Formation of disulfide linkages. 
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protein gel system, the whey proteins are believed to be the building blocks of the network 

structure, while the plant protein increases the gel strength by acting as filler. However, too 

much plant protein will result in insufficient whey protein network and thus a weaker gel. 

To sum up, synergy in gelling properties of dairy-plant protein blends is possible when a 

number of parameters are optimal, including the degree of protein denaturation, the protein 

concentration, the ratio of dairy to plant protein, pH and ionic strength. 

There are few studies of dairy-plant protein blends reporting on the synergy in other 

ingredient functionalities, such as solubility, colloidal stability and emulsifying properties. 

As mentioned earlier, better physical stability of soy flour could be achieved by 

homogenising blends of whey and soy flour (Guy et al., 1969). A similar increase in the 

stability/dispersibility of plant protein was reported in a patent (Boursier et al., 2013), who 

showed higher solubility of pea proteins when pea protein and casein micelles were 

blended and homogenised together. The solubility of pea protein was increased by 12% 

after such treatment. Since many protein functionalities, such as emulsifying and foaming 

properties, are highly dependent on the protein solubility (Jackman & Yada, 1989b) and 

plant storage proteins are generally less soluble in water, it is tempting to try to explore 

more ways to improve the solubility of plant protein by mixing and introducing interactions 

between caseins and plant proteins. 

Another less-studied synergy of functionality is emulsifying properties. Blends of dairy 

and pea proteins may provide better emulsion stability. Yerramilli et al. (2017) found that 

nanoemulsions can be stabilised by a blend of SC and pea protein isolate at a caseinate/pea 

protein ratio of 50/50. SC alone resulted in creaming, due to depletion flocculation, while 
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PPI alone could not produce a flowable nanoemulsion. It was proposed that after 

homogenisation the hydrophobic residues at the centre of undenatured proteins were 

exposed, the flexible casein molecules were able to stabilise pea protein via hydrophobic 

interactions because the values of surface hydrophobicity increased in the blends high-

pressure homogenisation. The authors also postulated it was possible that disulfide bonds 

were disrupted by homogenisation but did not show proof of this. Hinderink et al. (2019) 

found that both caseinate-pea blends and WPI-pea blends can have a synergistic effect on 

emulsion stability. However, Ho et al. (2018) reported that caseinate-pea blends cannot be 

used to produce stable emulsion. The inconsistency may result from the different pea 

protein material and/or different protein concentration.  

2.6. Research gaps 

The literature shows that most studies of dairy-plant protein blends focused on the heat-

induced aggregation and gelation (heat- or acid-induced). Therefore, there are more protein 

functionalities to be explored, e.g. heat stability, solubility and emulsifying properties. It 

has been shown that higher solubility could be achieved in whey protein-soy protein or 

casein-pea protein blends via homogenisation (Boursier et al., 2013; Guy et al., 1969), but 

there were no further studies. Since solubility is a key functionality for many food 

applications, it is worth trying to improve the solubility of plant seed proteins by 

introducing interactions with dairy proteins. In addition to heat-treatment and acidification, 

there are other possible methods such as pH-cycling (Jiang, Xiong, & Chen, 2010). 

Another important but overlooked functionality is heat stability. It has been known that 

caseins have chaperone-like effects for protecting the globular whey proteins against heat-



 37 

induced aggregation and precipitation (Morgan, Treweek, Lindner, Price, & Carver, 2005; 

Yong & Foegeding, 2010). Since plant storage proteins are also globular proteins, it is 

possible that caseins might also have chaperone-like effect with these plant protein 

Most studies of dairy-plant protein blends utilise soy and pea because they are 

commercially available in large quantities. However, other novel plant proteins are also 

interesting and attracting attention. In this study, several crops grown in New Zealand 

(hemp, chia, flaxseed and pea) will be used for protein extraction and one suitable plant 

protein will be used to study dairy-plant protein blends and its functionalities. 
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3. MATERIAL AND METHODS  

3.1. Materials 

Hemp seed cake flour, which is a by-product after cold-pressed hemp oil extraction, was 

kindly provided by Midlands Seed Limited (Ashburton, New Zealand). Temperature was 

kept below 40 °C during oil extraction, and exposure to oxygen and light were minimised. 

Hemp seed oil cake flour has approximately 34% protein, 38% carbohydrate and 13% oil 

according to the product specification. Sodium caseinate (Alanate 180) was supplied by 

Fonterra Cooperative Ltd (Auckland, New Zealand). SC contains 94.5% protein, 6.0% 

moisture and 4.0% ash according to the specification sheet. All chemicals were purchased 

from Sigma-Aldrich (St. Louis, Missouri, USA): polyvinylpolypyrrolidone (PVPP) beads 

(~110 µm particle size), sodium azide, sodium metabisulfite, sodium chloride, sodium 

hydroxide, hydrochloric acid, bicinchoninic acid working reagent, 1,4-dithiothreitol 

(DTT), SYPRO orange.  

3.2. Finalised HG extraction 

A salt-extraction method based on that of Malomo and Aluko (2015a) was used to extract 

HG. The extraction buffer contained 0.1 M sodium phosphate (pH 7), 0.5 M NaCl and 

0.02% sodium azide. PVPP (1.5% w/w) and sodium metabisulfite (0.1% ) were added to 

inhibit protein-phenolic compounds crosslinking during extraction (Martin, Nieuwland, & 

De Jong, 2014). PVPP is a synthetic, high-molecular-weight clarifying agent which is 

commonly used as a polyphenol adsorbent in wine and beer industry. Two hundred grams 

of hemp seed cake flour were dispersed and stirred in 1.6 L of extraction buffer solution at 
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25 °C for 90 min. The supernatant was collected after centrifugation (4000 × g, 25 °C, 30 

min); the pellet was re-dispersed, and the extraction was repeated twice with extraction 

buffer, to give a final ratio of hemp seed cake flour to buffer at 1:24 (w/w). The supernatant 

was clarified through grade 1 filter paper (GE Healthcare, Buckinghamshire, UK) and 

concentrated with an ultrafiltration module with 10 kDa molecular weight cut off 

membrane (Millipore, Burlington, MA, USA). The concentrate was dialysed against RO 

water at 4 °C for three days in 12 kDa MWCO dialysis tubing (Sigma-Aldrich, St. Louis, 

MO, USA), and the water was changed twice per day. The content of the dialysis tubing 

was centrifuged (20000 × g at 4 °C for 30 min) and the pellet containing the globulins was 

re-dispersed in water, freeze-dried and stored at -20 °C. The freeze-dried HG contained 

89.6% protein, which was determined by the Dumas combustion method with a nitrogen-

to-protein conversion factor of 5.7 that is suitable for seed storage proteins (Berghout, 

Venema, Boom, & van der Goot, 2015). 

3.3. Protein quantif ication 

The protein content was measured by bicinchoninic acid (BCA) protein assay (Noble & 

Bailey, 2009). The standard curve was made by bovine serum albumin (BSA) stock 

solutions with the range of 200-1000 µg/mL. To quantify the protein, 50 parts of reagent 

A (BCA solution, Sigma-Aldrich, Cat. No. B9436) and 1 part reagent B (4% CuSO4 

solution) and protein solution were first mixed to make BCA working solution, which is 

stable for up to a week at room temperature. The BCA working solution is highly alkaline 

(pH 11.25), so the aggregated proteins will generally be dissolved so the absorbance are 

not affected by the turbidity. The BCA working solution (200 µL) put into 96-well 

microplate and mixed with BSA standards (25 µL) or protein samples (25 µL). The 
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sample buffer and kept at 37 °C for 45 min, and the final SDS concentration was 1%. Gels 

(4% stacking gel and 10% separating gel) were cast, and electrophoresis was performed 

with a Mini-PROTEAN electrophoresis system (Bio-Rad, Hercules, CA, USA). The initial 

voltage was kept at 20 V for one hour, raised to 90 V for another hour then adjusted to 120 

V and maintained at that voltage until the tracking dye front was just out of the gel. The 

gel was stained with colloidal Coomassie blue and destained according to Dyballa and 

Metzger (2009). The gel was scanned with a Gel Doc XR+ Gel Documentation System 

(Bio-Rad, Hercules, CA, USA) and the density of protein bands was quantified by Image 

Lab software (Bio-Rad, Hercules, CA, USA). 

3.7. Two-dimensional SDS-PAGE (2D-PAGE) 

Two-dimensional SDS-PAGE followed the method by Dave et al. (2013) with some 

modifications. The protein blend was heated in the PCR thermocycler iCycler (Bio-Rad, 

Hercules, CA, USA) at 90 °C for 30 min, and the heated protein solution was incubated 

with 1% SDS at 37 °C for 45 min. The protein solution was separated by glycine SDS-

PAGE (Laemmli, 1970), with 4.5% stacking gel and 16% separating gel. One strip of gel 

(approximately 7 mm in width) was excised from the nonreducing gel, immersed in 2.5 

mL 0.2 M DTT solution and heated at 56 °C for 20 min to reduce disulfide bonds. The gel 

strip was then placed horizontally between glass gel-casting plates in the stacking gel area. 

Resolving gel solution was poured to approximately 1 cm below the gel strip, then a layer 

of water was added to flatten the top of the gel. After the resolving gel was set, the water 

was poured out and stacking gel solution was poured on top of the resolving gel and around 

the gel strip to fill the gel-casting plates. The gel was run with the voltage initially at 100 

V until proteins had entered the stacking gel and raised to 200 V. The gel run was 
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terminated when the tracking dye left the gel. The gel was stained and destained as 

described in section 3.6. 

3.8. Determination of oil droplet size 

The droplet size distribution was measured by laser diffraction (Mastersizer 2000, Malvern 

Instruments Ltd., Malvern, Worcestershire, UK). The refractive index was set at 1.47 for 

oil and 1.33 for water. The absorbance of the droplets was set as 0.001. The calculation of 

oil droplet size distribution results was based on the general purpose model distribution 

assuming spherical particle shape. The results were presented as D[4,3], the volume 

moment mean.  
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4. EXTRACTION AND CHARACTERISATION OF HEMP 

GLOBULINS  

4.1. Introduction  

The first step of this study is to extract and find a suitable plant protein source. Four plant 

materials (hemp seed cake flour, flaxseed cake flour, chia flour and yellow pea flour) were 

kindly donated by Midland Seeds Limited (Ashburton, New Zealand). Two extraction 

methods, the classic Osborne fractionation and a conventional salt extraction, were applied, 

and an appropriate method was chosen. The extracted hemp protein was characterised for 

its protein composition, solubility, and aggregation behaviours at different pH, ionic 

strength and protein concentrations. Different methods were also tried to introduce 

interactions between hemp protein and dairy proteins (fraction of whey or casein). The 

change of functionalities of the interacted dairy-plant protein blends was observed, which 

gave the research ideas for the following chapters. 

4.2. Material and methods 

 Osborne fractionation of proteins 

A classical Osborne fractionation of protein was trialled first to analyse the proteins in the 

plant ingredients. Flaxseed cake was omitted because the polysaccharides resulted in a 

thick and gel-like mucilage that made it hard to extract and filter the dispersions. Therefore, 

only yellow pea flour, hemp seed cake flour and chia flour were used. Hemp seed cake 

flour and chia flour were ground (Ultra centrifugal mill ZM 200, Retsch, Haan, Germany, 

with 0.25 mm ring sieve) and, after grinding, all materials were defatted by hexane with 
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 Salt extraction of HG 

A common salt-extraction method followed by a desalting step was used to extract hemp 

seed cake flour (Gueguen & Barbot, 1988). Two extractions were tested (SE1 and SE2 in 

Figure 4-2). The extractant in these two extractions contained 0.25 M of Na2SO4. Three or 

four washes during salt extraction were performed in order to recover more protein, and 

the solid-to-solvent ratios were both 1:24 in total. More solvent (1:24) was used in salt 

extraction than in the Osborne fractionation extraction (1:16 in the water and salt extraction 

steps for hemp) in the hope to achieve higher protein recovery. The protein extracts were 

concentrated using a stirred cell device (Millipore Amicon: Model 402, working volume = 

400 mL) in SE1 or a tangential flow filtration (TFF) device (Millipore Spiral-Wound UF 

Modules:TFF-1) in SE2. Concentrated protein extracts were desalted with dialysis tubing 

(SE1) or diafiltration (SE2). The extracted proteins were dried by freeze-drying. 

Figure 4-2 Flowchart of salt extraction of proteins. 





 47 

4.3. Results and discussion 

 Protein extraction 

4.3.1.1. Osborne fractionation of proteins 

The amount of glutenin and prolamin fractions in hemp, pea and chia turned out to be 

negligible (Table 6), so only the albumin (water-soluble) and globulin (salt soluble) 

fractions will be examined and only the first two extraction steps are necessary. The protein 

yield of the Osborne fractionation was low, only 25-40 % of total protein in the starting 

material could be extracted. 

Table 6. Amount, protein content of each Osborne fraction and protein yield 
from 30 g of starting material. 

  Pea Hemp Chia 

Albumin 
Weight (g) 3.82 1.72 2.92 

Protein content (%) 42.58 26.52 33.53 

Globulin 
Weight (g) 0.50 0.77 1.41 

Protein content (%) 80.83 82.11 58.43 

Glutelin 
Weight (g) 0.02 - - 

Protein content (%) - - - 

Prolamin 
Weight (g) - - - 

Protein content (%) - - - 

 Protein yield (%) 25.00 40.20 35.80 
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Figure 4-3. SDS-PAGE of albumin (ALB) and globulin (GLB) fractions by 
Osborne fractionation under reducing conditions. 

 

4.3.1.2. Salt extraction of proteins 

As the whole Osborne fractionation process was not necessary to extract the protein in pea 

and hemp, only the salt extraction, followed by dialysis/diafiltration to remove the salt was 

needed to extract hemp proteins. Within the two salt extraction experiments (Figure 4-2), 

SE2 is the more efficient extraction method in terms of time consumption. The TFF device 

was 3 to 8 times faster than the stirred cell when it comes to concentrating the protein 

solutions. In addition, albumins and globulins of hemp were well separated by dialysis 

tubing in SE2, as shown by a significant difference in the protein amount band patterns 
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(Figure 4-4). Diafiltration used in SE1 with five volumes was not enough to separate pea 

albumins and globulins, as shown by bands with the same molecular weight in the albumin 

and globulin fractions and the high amount of residual protein in the albumin fraction 

(Figure 4-4).  

  

Figure 4-4. Results of separation of hemp proteins by the two salt-extractions 
SE1 and SE2 with reducing SDS-PAGE. 

The protein content obtained by SE2 was determined by the Dumas method with a 

nitrogen-to-protein factor of 5.7 (Berghout et al., 2015), and the protein content of extracted 

HG was high (88.9 ± 0.7 %). However, the protein yield of these two salt extractions were 

both low, which was 18.2% for SE1 and 14.8% for SE2.  

In summary, it is more time-efficient to extract HG with SE2 process, i.e. concentrate with 

the TFF device and dialyse with dialysis tubing to extract HG, and the extracted protein is 

relatively pure. 
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Wang & Xiong, 2019). The solubility of HG increased at higher ionic strength (0.5 M), 

which could be expected because HG was extracted with salt solution and precipitated by 

dialysis to remove the salt. The solubility of HG increased with pH and was about 70% 

above pH 7 at 0.5 M ionic strength.  

 

Figure 4-6. Solubility of HG at different pH under 2 ionic strengths, 100% 
protein solubility equals to 8.96 mg/mL soluble protein. 

 

Solubility might be controlled by the structural reorganisation within hemp edestin. 

Lakemond, de Jongh, Hessing, Gruppen, and Voragen (2000) studied the effect of ionic 

strength and pH on the solubility of glycinin, which has highly conserved amino acid 

sequence and similar protein structure as hemp edestin. The solubility profile of soy 

glycinin was very similar to that of HG, i.e. lowest solubility observed between pH 5 to 6 

at 0.03 mM ionic strength, and higher solubility at 0.5 M ionic strength that also increased 
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Figure 4-9. Non-reducing SDS-PAGE result of the protein composition in the 
supernatant at different ionic strengths and 3 pH. 

 

4.3.3.1. Phase diagram of HG 

The colloidal stability of HG could be controlled by ionic strength and protein 

concentration. To know HG better and find the conditions of soluble phase, a standard 

cloud point method was first tried to make the phase diagram (Kaul, 2000), but this method 

was not easily applicable to HG. Figure 4-10 shows the process of the cloud point method. 

In the beginning, the 0.52 % HG solution was clear at 0.5 M ionic strength. The HG 

concentration and ionic strength were lowered by diluting the HG solution with 0.05 M pH 

7 phosphate buffer until the abrupt development of turbidity, which happened at 0.28% HG 

and 0.27 M ionic strength. Next, the HG concentration was lowered and ionic strength was 

increased by adding 0.5 M NaCl.  
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Figure 4-13. Phase diagram (turbidity vs. NaCl and HG concentration) of HG at 
(A) 0 hour and (B) 12 hours after preparation.  
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Figure 4-15. DSC thermogram of HG. 

 

Figure 4-16. Results of non-reducing SDS-PAGE of heated (A) 0.15% HG and 
(B) mixture of 0.075% HG and 0.075% WPI at 0.5 M ionic strength.  
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denaturation and protein aggregation was initiated by the WPI. To further confirm the role 

of disulfide bonds in the heat-induced aggregation of HG and WPI, DTT (10 mM) was 

added into the protein solutions. Figure 4-18B shows that when disulfide bonds were 

reduced with DTT, the HG-WPI mixture stays clear even after heated at 82.5 °C for 15 

minutes, which further support the importance of disulfide bond formation between HG 

and WPI. 

 

Figure 4-18. Turbidity of mixture of HG (0.135%) and WPI (0.18%) at different 
target temperature and different heating time. (A) no treatment and (B) the 
protein solution contained 10 mM DTT. 

 

In summary, HG and WPI do not interact with each other until the temperature was close 

to the melting point of HG (91.41 °C), below which only WPI aggregated with itself. But 

when the temperature was close or higher than 91.41 °C, WPI would trigger extensive and 
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fast aggregation between HG and WPI via thiol-disulfide interchange and results in higher 

turbidity and are more likely to precipitate than when there was only HG. 

4.5. Improvement of protein solubility by homogenisation of hemp protein with 

SC or surfactant 

The other major dairy protein fraction is the caseins, and it had been reported that a mixture 

of plant protein and caseins could improve the solubility of the plant protein after high-

pressure homogenisation (Boursier et al., 2013). To test this method, the mixture of HG 

and SC with constant 40 mg/mL protein and different SC/HG ratios (100/0, 75/25, 50/50, 

25/75 or 0/100) were homogenised with rotor-stator homogeniser (Model D130, LabServ) 

at 33000 rpm for 1 min at room temperature. The homogenised dispersions were 

centrifuged and the soluble protein content in the supernatant was measured. The soluble 

protein content of each combination is the solid red line in Figure 4-19; the blue dotted line 

is the simple addition of the solubility of HG and SC. The improved solubility was 

statistically significant when the ratio of SC/HG ratio was 25/75. At this ratio, the solubility 

was increased from 7.19 to 8.65 mg/mL (20 % increase). The results indicate that 

interactions between HG and SC occurred during homogenisation, which results in higher 

solubility of HG. 
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Figure 4-19. Solubility of homogenised HG-SC blends. 

 

Caseins are amphiphilic molecules and have excellent surface-active properties (Augustin 

et al., 2011). The effect of improving plant protein solubility by homogenising with 

surface-active surfactant had been reported by Nakai, Ho, Tung, and Quinn (1980), and it 

is possible that the improvement of plant protein solubility by adding casein and then 

homogenising follows a similar principle. The author tested several surfactants on rapeseed 

protein and found that the solubility can only be raised by anionic surfactant such as SDS, 

and it was proposed that SDS could interact with the hydrophobic groups of the plant 
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dissociating reagent. To solubilise HG in the first place, these non-covalent bonds should 

be disrupted and dairy proteins may play a part in interacting with and stabilising them. 

Caseins could be a more promising dairy protein fraction than the whey proteins when it 

comes to solubility. HG aggregates easily via disulfide bond formation when the 

temperature is close to its melting temperature of around 91 °C. On the other hand, WPI 

denatured and initiated thiol-disulfide reactions above 72.5 °C. The heat-induced 

aggregation between HG and WPI resulted in disulfide-linked large aggregates that could 

not enter the resolving gel during electrophoresis. Homogenising HG and SC increased the 

solubility of SC, suggesting the non-covalent interactions between HG and SC is a possible 

method to increase the solubility and other functionalities of HG.  

However, homogenisation of mixtures of SC and HG only increases HG by around 20%. 

Therefore, interactions between HG and SC would be introduced with other processing 

methods to increase the colloidal stability and/or solubility at lower ionic strength in the 

next chapters, and some other functionalities will also be discussed. 
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5.5. Size distribution and morphology of heat-induced aggregates  

Unheated HG and SC solutions had bimodal particle size distribution (PSD, Figure 5-4A), 

indicating possible self-assembly before heating. There were two peaks in 0.1% HG 

according to the intensity particle size distribution (Figure 5-4A), with a major 17-nm peak 

and a minor 248-nm peak. This contrasts with the findings of Teh, Bekhit, Carne, and Birch 

(2016) who only saw one population with a large particle size (177 nm) in the water-soluble 

fraction of hemp protein isolate (ionic strength = 0). Since globulins are soluble in salt 

solutions by definition, the 0.5 M ionic strength used in these experiments could readily 

dissociate large globulin complexes and give rise to smaller particles. The major population 

with 17-nm diameter may be edestin hexamer (S. Patel, Cudney, & McPherson, 1994), 

similar to DLS observations of soy glycinin (Pizones Ruiz-Henestrosa, Martinez, Patino, 

& Pilosof, 2012). When the intensity PSD was converted into volume PSD by the Zetasizer 

software using the Mie theory, the population with a smaller diameter (13.5 nm) 

predominated (Figure 5-4B). 

Two peaks were also observed in the intensity PSD of 0.2% SC (Figure 5-4A). This result 

was consistent with earlier studies (HadjSadok et al., 2008), with the 25-nm population 

attributable to small SC aggregates which arise from screened electrostatic interactions at 

high ionic strength, while the sizeable 235 nm population may be protein-fat or protein-

protein complexes (HadjSadok et al., 2008; Lucey, Srinivasan, Singh, & Munro, 2000). 

The volumetric PSD (Figure 5-4B) showed that the small SC aggregates had a single peak 

at 13.5 nm, which occupied more than 95% of the volume, whereas the larger complexes 

were marginal and polydisperse. 
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Figure 5-4 PSD of unheated 0.1% HG and 0.2% SC solution at I=0.5 M, based 
on (A) intensity percentage or (B) volume percentage. 

 

The derived count rate (DCR) indicates the total amount of scattering; an increase in DCR 

is an indicator of increasing particle size and/or number (Loveday, Ye, Anema, & Singh, 

2013). DCR of 0.1HG increased after holding at 90 °C for 30 s (Figure 5-5), and then 

decreased because of the formation of large aggregates that settled rapidly (fewer particles 

in the light path). The increase in DCR occurred at later times as SC concentration was 

increased, i.e. the aggregation rate was lowered by the addition of SC. The DCR peak was 

absent in heated 0.1HG|0.20SC solution, suggesting that aggregates were not large enough 

to precipitate in this case.  
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Figure 5-5 Derived count rate (DCR) of unheated and of heated protein 
solutions with different holding time at 90 °C. 

 

Blending SC with HG delayed the formation of large aggregates by lowering the rate of 

protein aggregation. Figure 5-6A shows the volumetric PSD of 0.1HG. Large particles a 

few µm in diameter were formed after 0.5 min at 90 °C and subsequent cooling, and these 

aggregates were visible and prone to precipitation. When 0.05% SC was blended with 0.1% 

HG solution (Figure 5-6B), a transient intermediate population 70-800 nm in diameter 

appeared with 0.5 min and 1 min holding times. After that only particles with diameters of 

a few µm were observed. Increasing SC concentration further delayed the appearance of 

intermediate-sized aggregates and large visible aggregates (Figure 5-6C and 11D). When 

the SC concentration increased to 0.2 %, only a small polydisperse population of 

intermediate aggregates (up to 400 nm) was detected, and the formation of large aggregates 
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inferred that the aggregates were cross-linked via covalent bonds (disulfide linkages), as 

the structure was strong enough to withstand repulsion forces at lower ionic strength. In 

the unheated and heated 0.1HG|0.2SC, the solution was crowded with SC particles (Figure 

5-7D and 12E). Polydisperse amorphous aggregates with particle sizes up to a few µm 

formed after dilution with water (Figure 5-7F) and the formation of the network-like 

structure was inhibited.  

 

Figure 5-7 Transmission electron micrograph of 0.1HG and 0.1HG|0.2SC with 
different treatments. (A)-(C) 0.1 HG; (D)-(F) 0.1 HG|0.2SC. 

 

These TEM micrographs provide further evidence for the change of aggregation regime 

from DLCA to RLCA. The heated and diluted aggregates of 0.1HG in Figure 5-7C seem 
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The results in this chapter may also allow a rational design approach to further experiments. 

(1) HG must be solubilised fi rst. Possible methods include raising the temperature (below 

the melting temperature of edestin) and ionic strength as in this chapter. Other methods 

could be pH adjustment to alkali pH, incorporating surfactants, reducing agent or 

chaotropic agents. (2) HG has to be denatured. This can be accomplished by adding 

chemical denaturants. Note that many reagents may cause solubilisation and denaturation 

simultaneously. Physical methods can also be considered, e.g. heating, mechanical 

shearing, and high pressure treatment. (3) Induce interactions between HG and SC. 

Thiol/disulfide exchange can be controlled by temperature and pH. Non-covalent 

interaction such as hydrophobic, electrostatic interactions can be controlled by 

temperature, ionic strength and pH. It may be possible to produce HG|SC blends with better 

functionality by carefully choosing processing methods according to the three 

requirements.  
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was length was set at  387.0 nm and the emission wavelength was 479 nm. The bandwidth 

of excitation and emission were 5 nm and 10 nm respectively. 

6.3. Results and discussion 

 Increased solubility of HG, SDS-PAGE 

The solubility of HG was much higher when HG was mixed with SC and subjected to pH-

cycling, during which the pH was raised from 7.0 to 12.0 and reacted for 1 hour, followed 

by neutralisation back to pH 7.0. Figure 6-1 shows the protein composition of the whole 

dispersion, supernatant and pellet of the pH-cycled protein dispersions. When there was 

only HG, almost all proteins were found in the pellet after centrifugation (lane 3, Figure 

6-1B). Only a small amount of protein with low molecular weight (< 15 kDa) remained in 

the supernatant (lane 2, Figure 6-1B). The amount of insoluble protein in the pellet phase 

decreased with increasing SC content. SC concentration of 0.5% resulted in a translucent 

supernatant after pH-cycling (Figure 6-2), indicating the formation of small, soluble and 

colloidally-stable protein particles. 
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Figure 6-2. Photo of supernatants of HG|SC dispersions after pH-cycling with 
different SC ratio, from left to right: 0% SC, 0.5% SC, 1.0% SC, 1.5% SC and 
2% SC. 

The increase in the solubility of HG depended on the amount of SC, and a 1 to 1 ratio 

between HG and SC achieved optimal solubility of HG, whereas SC was very soluble. 

What stands out in the SDS-PAGE results is that the protein in the pellet after 

centrifugation mostly belonged to HG. Therefore, the amount of insoluble HG in the 

precipitate was measured by the BCA method and compared with the original HG content 

to calculate the solubility of HG after pH cycling. Pure HG became totally insoluble after 

pH-cycling (Figure 6-3), which was even less than the 20% solubility of untreated salt-

extracted HG (Figure 4-6), indicating some HG-HG interactions were occurring during 

pH-cycling, which will be discussed in the following sections. The solubility of HG after 

pH-cycling was also inferior to previously reported results, which showed HG was still 

around 15% soluble after pH-cycling (Q. Wang et al., 2018). The difference may be due to 
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sensitive indicator of aggregation or dissociation, because it is susceptible to many factors 

such as the change in size and refractive index, which alter the scattering angle distribution 

and thus the count rate will also change (Kurzhals, Zirbs, & Reimhult, 2015).  

 

Figure 6-7. (A) z-average size, (B) DCR and (C) polydispersity index of 
1HG|1SC particles during in-situ heating at different temperature (n=3). The 
error bars represent one standard deviation and different letters in each graph 
indicate significant difference between groups (p < 0.05). 
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electrostatic attractions between them. The attractive hydrophobic interactions, which 

increased with temperature up to around 140 °C (Schellman, 1997; Scheraga et al., 1962), 

was weak and cannot compensate the disruption of hydrogen bonds to stop the dissociation 

of HG|SC nanoparticles. The dissociated protein particles aggregated again above 60 °C 

because the DCR changed, and z-average started to increase. The heat-induced aggregation 

involved in strong attractive forces because the aggregation was not reversible when the 

temperature was lowered again (data not shown), and it could be covalent linkages or 

extensive non-covalent interactions. The permanent aggregation could result from the 

formation of disulfide bonds, as thiol-disulfide exchange at elevated temperature is 

prevalent in food proteins (Visschers & De Jongh, 2005). In spite of the non-reversible 

heat-induced aggregation, these protein particles are quite heat-stable. In another 

experiment, HG|SC particles were heated at 90 °C for 30 min and the z-average increased 

from 120 nm to 229 nm (Figure 6-8A), while HG alone aggregated and precipitated in less 

than one minute at 90 °C even when they were solubilised at an ionic strength of 0.5 M 

(Figure 5-2A). In other words, HG|SC particles underwent limited heat-induced 

aggregation (increase in particle size), but aggregation was not sufficient to diminish 

colloidal stability, indicating that these protein particles are relatively heat-stable. 
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Figure 6-8. (A) Volumetric PSD of unheated and heated HG|SC nanoparticles 
and (B) PSD when HG was pre-treated with NEM. (C) SDS-PAGE results of the 
two samples. 
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non-covalent interactions. The interactions resulted in the quenching of the intrinsic 

fluorescence, indicating that the exposed tryptophan residues of HG were in close contact 

with SC, so the polarity around tryptophan residues increased. Such interactions were kept 

even after neutralisation, as the experimental value of intrinsic fluorescence was still lower 

than the theoretical value at pH 7. Another interesting point is that the fluorescence signal 

was higher when the pH was adjusted back to 7 than at pH 12, which may indicate the 

refolding of HG|SC complexes into higher-order conformations (T. Wang, P. Xu, Z. Chen, 

& R. Wang, 2018). 

 
Figure 6-10. Intrinsic fluorescence of HG|SC complex or their additive value. 
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