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proteins often cannot fully replicate the functional performance of milk proteins in complex 

food formulations (Loveday, 2020). 

Hemp protein (HP) has gained interest in the scientific community due to its 

complete essential amino acid profile, including high levels of arginine and sulphur-

containing amino acids (e.g., cysteine) (Callaway, 2004). It also exhibits high digestibility 

(~90%), surpassing that of soy protein (~70%) (Wang et al., 2008). However, like many 

other plant proteins, HP has limited functional properties, including low water 

solubility/dispersibility and weak emulsifying capacities (Tang et al., 2006). Moreover, it 

displays poor gelling characteristics, with reports indicating that as much as 22% protein is 

needed to form a heat-induced gel (Malomo et al., 2014). 

To overcome these functional limitations, various strategies have been proposed. 

These include refining the processing of plant proteins to minimise protein aggregation, via 

enzymatic hydrolysis (Malomo & Aluko, 2015b), pH-cycling (R. Wang et al., 2019), high-

pressure homogenisation (Gong et al., 2019), utilising their low-solubility features in 

Pickering emulsions (Pickering emulsion) (Sarkar & Dickinson, 2020) and using the 

combination of plant and milk proteins to boost functional properties of plant protein 

(Guyomarc'h et al., 2021). In food colloidal systems, the partial replacement of milk 

proteins with plant proteins could be a strategy to improve techno-functionality, balance 

the nutritional composition of foods and contribute to more sustainable food production. 

Recent studies reported that plant-milk protein combinations may improve the 

technological functionality of plant proteins and achieve functional synergy (Alves & 

Tavares, 2019; Hinderink, Boire, et al., 2021; Lima Nascimento et al., 2023; McCann et al., 

2018; Rout et al., 2024).  
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Chapter 2: Literature review 

2.1 Plant proteins 

2.1.1 Plant storage proteins 

Plant protein refers to the protein from land plant origin, residing in the seeds and 

grains (Day, 2013). The most common sources of plant protein are listed in Table 2-1. 

Table 2-1: Major source of food plant protein 

Origin  Cereals  Edible seeds Pseudocereals  Legumes Tubers Oilseeds 

Proteins 

Wheat Quinoa Amaranth Pea Potato Peanut 

Corn Buckwheat Chia Soybeans 
 

Sunflower 

Barley 
  

Faba beans 
 

Hemp seed 

Oats 
  

Lupins 
 

Cottonseed  

Rice     Lentils   Rapeseed 

Adapted from Loveday (2019). 

Plant proteins mainly consist of numerous globular proteins that are covalently 

linked. Hydrophobic interactions are considered the main driving force for plant protein 

folding to reduce the contact area between water and non-polar groups. Besides, disulphide 

bonds, hydrogen bonding, electrostatic forces and van der Waals forces are also involved; 

therefore, globular proteins are folded in a compactly packed shape (Grossmann & Weiss, 

2021; McClements & Grossmann, 2021). The functionality of plant proteins is decided by 

the degree of disintegration, denaturation and aggregation of these proteins during 

extraction, purification and utilisation.  

According to their solubility in different solvents, plant proteins can be further 

classified into four protein fractions; albumins (water-soluble), globulins (soluble in dilute 

salt solutions), prolamins (soluble in water/ethanol solutions) and glutelins (soluble in 
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2.3 Protein interactions 

2.3.1 Molecular forces in protein interactions 

Proteins can be identified by their structures, including primary, secondary, tertiary 

and quaternary structures (Rehman et al., 2021). The microstructure of protein can be 

modified by molecular forces such as covalent disulphide linkages and non-covalent 

interactions (hydrogen, hydrophobic and electrostatic forces, van der Waals forces and 

steric repulsive forces). These forces can induce protein-protein interactions and change 

their functional properties like solubility, emulsifying ability and gelling ability (Alrosan 

et al., 2021).  

The molecular forces are involved within a single protein molecule and the 

interactions with other proteins. The most common interactions are disulphide bonds, 

electrostatic interactions, hydrogen bonding, hydrophobic forces and van der Waals forces, 

which are shown in Fig. 2.1. 

 

 

Fig. 2.1. Common protein-protein interactions 
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Fig. 2.2. Disulphide bond formation. 

 

2.3.1.2 Non-covalent interactions 

2.3.1.2.1 Hydrogen bond 

The hydrogen bond is a type of short-range electrostatic bond between polar 

molecules with 1-6 kcal/mol energy. The electronegative atom (nitrogen, oxygen, sulfur or 

fluorine) and other partially negative groups (e.g. C=O) share a partially positive hydrogen 

atom (Howell, 1992). Hydrogen bonds play an important role in maintaining secondary and 

tertiary structures (Li -Chan & Lacroix, 2018). Hydrogen bonds can appear intermolecular 

or intramolecular to build the protein network. Moreover, they are weak at high 

temperatures and strong at cooling. This feature would impact protein folding and 

unfolding to expose hydrophobic groups, cysteine groups and disulphide bonds (Semenova 

& Dickinson, 2010). Hydrogen bonds are important interactions in the gel network to 

stiffen the protein network during cooling, and they usually work with other interactions.  

 

2.3.1.2.2 Hydrophobic interactions 

Hydrophobic interactions happen between non-polar groups with non-polar side 

chains or amino acids containing aromatic groups. The exposed non-polar groups would 

induce the disruption of the hydrogen bonding structure of surrounding water molecules 
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and change the entropy, which is thermodynamically unfavourable. Therefore, the water 

molecules would rearrange around non-polar groups and strongly interact with each other 

through hydrogen bonding. The absence of water molecules, in turn, leads to the attractive 

force between the non-polar groups, minimising the contact area between non-polar groups 

and water molecules. The entropy increases to reach a thermodynamically stable state 

(Wang et al., 2012). The hydrophobic interactions become strong with the increase in 

temperature up to around 60 °C, which largely affects the initial development of the protein 

network during gelation (Scheraga et al., 1962). Hydrophobic interactions play an 

important role in emulsion stabilisation and gel formation, which contribute to the 

adsorption of protein on the O/W interface and the development of the protein network, 

respectively.  

 

2.3.1.2.3 Electrostatic interactions 

The charged side chain of a protein contributes to the electric charges. Therefore, 

electrostatic interactions occur between the charged protein molecules. The electrostatic 

interactions can occur at large distances. The pI of the protein, salt concentration and pH 

environment affect the charge of the protein. When the pH is above or below pI, the protein 

is charged negatively or positively, respectively. Protein molecules are attractive when they 

have opposite charges and repulsive when they have like charges. Moreover, when the pH 

is close to pI, there is no surface charge on protein molecules, and protein precipitation 

occurs due to other driving forces such as hydrophobic interactions and hydrogen bonding 

(Howell, 1992). Besides, the protein structure would be affected by a strong electrostatic 

repulsive force if the pH is away from pI, which may promote protein unfolding and 

molecular flexibility (Lefevre & Subirade, 2000). 
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Soy proteins 
Casein micelles/ 

skim milk 
Gel 

Casein predominate in the gel network; the 

interaction with whey and soy can affect the gel 

strength. 

Roesch and 

Corredig (2006) 

Soy proteins Skim milk  Gel 
The network was predominated by caseins and 

soy protein improved gel strength. 
Roesch et al. (2004) 

Soy proteins Sodium caseinate Gel 
Pre-heated soy aggregates improve the gel 

strength. 
Martin et al. (2016) 

Soy milk Cow milk Gel 

Soy milk formed an acid gel, and casein worked 

as a filler, while the addition of rennet improved 

the soy-casein interactions. 

Grygorczyk et al. 

(2013) 

Rice proteins Casein micelle Co-aggregates 

Tunable structure of co-assemblies via 

hydrophobic interactions by varying protein 

ratios. 

T. Wang et al. 

(2019) 
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Soy proteins Lactoferrin  Coacervates  
Electrostatic interactions and hydrogen bonds; 

improved heat stability. 
Zheng et al. (2020) 

Pea proteins WPC Gel 
Synergistic enhancement of elasticity and 

hardness. 
Wong et al. (2013b) 

Canola proteins Whey proteins Aggregates/Gel Disulphide bonds; improved gelation capacity. 
Momen et al. 

(2023) 

Soy / Rice / Pea 

Proteins 
MPC O/W emulsion 

Blending MPC with plant proteins improved 

solubility, emulsion stability, and viscosity 

control. 

Khalesi et al. 

(2025) 
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interaction between the two proteins. Mession et al. (2017a) reported a similar finding. 

They investigated the interactions between casein micelle and different pea protein 

fractions (11S legumin and 7S vicilin) through heat treatment (85 °C for 60 min). The 

legumin and vicilin showed self-aggregation through disulphide bonds and non-covalent 

interactions, respectively, while casein did not participate in the protein aggregates, and no 

disulphide bond was found between pea protein and casein. Interestingly, the individual 

pre-treatment of proteins can affect the protein-protein interactions. The heat-induced 

hydrophobic bonds were observed between individually preheated (85 °C for 60 min) pea 

protein and casein micelle mixture. This could be attributed to the increase in surface 

hydrophobicity of pea protein by preheating treatments (Beghdadi et al., 2022). 

Similar to the finding in pea/casein co-aggregation work, there was no covalent 

interaction between soy protein and casein micelles after heat treatment (95 °C) since no 

new band was created in SDS-PAGE under non-reducing conditions. The 11S soy globulins 

aggregated themselves through disulphide bonds (Beliciu & Moraru, 2013).  

When the protein combinations were presented on the oil/water interface, the 

globular protein (soy, pea and whey protein)-casein mixtures were used to stabilise the 

emulsion (10% protein and 10% oil) and underwent heat treatment (Liang et al., 2016). The 

heat treatment causes the denaturation and aggregation of the globular protein and reduces 

the heat stability of emulsions in terms of flocculation and viscosity change. The soy-casein 

emulsion had the highest heat stability while the whey-casein micelle had the lowest, which 

may be explained by the different globular protein-casein interactions discussed above. 
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of zein/WPI complex through transmission electron microscope images. The author used 

Fourier transform infrared analysis to determine that hydrophobic attraction and hydrogen 

bonding lead to the formation of complex. In addition, the bioactive component curcumin 

was successfully encapsulated in the complex and improve the solubility to aboce 0.65 

mg/mL, indicating pH change is a feasible alcohol-free method for encapsulation. 

 

Plant/casein aggregates 

Casein micelles would be dissociated at an alkaline pH and resemble as smaller 

particles after neutralisation (Pan & Zhong, 2013). Controlling the dissociation and 

reassociation of caseins by pH change could be a method to create a hybrid protein complex 

without using an organic solvent. Zein and sodium casein were mixed at pH 11.5 and 

subsequently neutralised to pH 7.0, enabling the co-aggregation. It is proposed that soluble 

zein at alkaline pH could interact with dissociated casein. When the pH slowly decreased 

to 7, zein gradually lost its solubility, while the neighbouring casein could co-aggregate 

with zein via hydrophobic interactions and potentially electrostatic attraction. In addition, 

the segments from casein could provide steric hindrance and repulse electrostatic force to 

protect the complex from aggregation. The other studies also reported the zein/casein 

complex induced by pH-change with improved stability (Cuixia Sun et al., 2018) and have 

bioactive compounds encapsulation ability (Wang & Zhang, 2017; R. Wang et al., 2019). 

Similarly, the rice protein (rice glutelin) and casein micelles were dissolved in an 

alkaline solution (pH 12), followed by neutralisation to create a protein complex via 

hydrophobic interactions. Using atomic force microscopy, cryo-transmission electron 

microscopy, and X-ray diffraction confirmed that the tunable structure from nanosheet to 

spherical particles could be achieved by varying casein: rice protein ratios from 9:1 to 7:3 
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(T. Wang et al., 2019). T. Wang et al. (2018) reported that the 1: 0.01 mass ratio of rice 

protein/casein could improve the solubility of rice protein to above 90%. They proposed 

that rice protein and casein interact under alkaline conditions and form a hybrid backbone 

which could retain the exposure of polar groups during acidification. These coexisting 

backbones packed together and formed nanoparticles.  

 

2.3.2.2 Interactions in gelation 

 When the protein-protein interactions occur at sufficiently high protein 

concentrations, gels can be formed with a three-dimensional network structure, which is 

stabilised by disulphide bonding and/or non-covalent interactions (Wu et al., 2021). The 

environmental factors, such as temperature, pH and ionic strength, would influence the 

exposure and interactions of the reactive groups of protein, thus affecting the 

microstructures and rheological properties. In addition, the mixing of two different types 

of proteins, e.g. plant/ milk protein combination, would also lead to interactions that differ 

from those observed in single-protein systems and can lead to diverse gel microstructures 

(Foegeding & Davis, 2011). Notably, the studies reported plant and milk protein 

interactions mainly using soluble fractions of plant protein.  

 

2.3.2.2.1 Heat-induced gel 

Heat-induced gel is built up by primary aggregates of denaturation of globular 

proteins linked by disulphide bonds and hydrophobic interactions. These aggregates extend 

to a network structure upon further heating. Most heat-induced gelation studies between 

plant and milk proteins used whey protein as the milk protein source. Kornet, Shek, et al. 

(2021) demonstrated that pea protein isolates could be considered as a substitution for whey 
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protein in heat-induced gel. Although the major driving forces of gelation were different 

between the two proteins, pea protein isolates under 15% protein concentration can form a 

gel with similar gel strength to WPI gel. When mixed WPI with pea protein isolates, half 

of the WPI can be replaced by pea protein isolates with no effect on gel strength, where the 

WPI dominated the gelation by forming a continuous network through hydrophobic 

interactions and disulphide bonding. Kornet, Penris, et al. (2021) further investigated the 

different pea fraction/WPI in heat-induced gels. The pea albumin/WPI mixture created the 

firmest gel compared with the pea globulin/WPI gel. This could be explained by the more 

disulphide bonds between albumin and whey proteins.  

In terms of heat-induced soy/whey protein gelation, whey protein created the main 

network, and soy protein aggregates primarily worked as fillers, but the interaction with 

whey proteins can provide additional elastic properties. Generally, plant/whey protein can 

create a firm and homogeneous network with no phase separation (Hinderink, Boire, et al., 

2021). Roesch and Corredig (2005) present the evidence of interaction between soy and 

whey proteins through disulphide bonds. The author also suggested that the protein ratio 

had a noticeable impact on the microstructure and rheological properties. McCann et al. 

(2018) also reported that whey protein is important in the network formation, and the ratio 

of soy to whey protein and their concentration are important to the gel properties and 

microstructures. Comfort and Howell (2002) reported the continuous phase formed by soy 

protein, which segregates whey proteins at 18% total protein concentration. When the soy 

protein to WPI ratio was about 85:15, the unstable gel was formed because the gel network 

is formed by soy protein, while the soy protein is not sufficient to fully segregate the whey 

proteins. The phase inversion was observed with the raising of the whey protein 

concentration. However, no apparent phase segregation was found in the heat-induced soy-

WPI gel at 6% total protein concentration (Roesch & Corredig, 2005). This may be because 
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the large aggregates were removed before mixing proteins. In addition, at high soy protein 

proportions (100% and 90%), the gel could not able to be formed. When the soy proportion 

is 70%, the aggregates formed by WPI itself and soy-WPI proteins were observed, followed 

by the formation of the protein network. Ionic strength plays an important role in control 

protein-protein interactions and microstructure of gels. The increase in ionic strength in 

soy/ whey protein heat-induced gel results in coarseness of the gel structrure (Jose et al., 

2016).  

In contrast to the behaviour of soy/whey protein combination, heat-induced gels of 

soy proteins mixed with casein were structured by an independent gel network. The gel 

properties largely depended on the dominant protein and the minor protein presented as 

filler in the gel network. Beliciu and Moraru (2011) found a primarily soy protein network 

and the phase separation of casein micelles at 7.5% - 12.5% total protein concentration at 

1: 1 protein mix ratio. In another study, no co-aggregation of soy and casein was observed 

(Silva, Cochereau, et al., 2019). As a result, the individual network of soy protein and 

caseins would lead to less rigidity of the heat-induced gel. They suggested that the addition 

of casein to plant protein may lead to a weaker and less homogeneous gel with large pores. 

Similarly, it is reported that the casein micelles negatively affected the gelation when total 

protein concentration was increased (Beliciu & Moraru, 2013).  

Silva et al. (2018) compared the heat-induced gels made by different globular 

proteins (whey, pea and soy proteins) mixed with micellar casein. The critical temperatures 

of soy and pea protein were higher than those of whey protein. Pea and soy proteins 

exhibited higher critical gelation temperatures than whey, likely due to their ability to bind 

calcium from casein micelles, which restricted the formation of the casein network. In 

addition, soy protein showed greater calcium binding than pea protein. Meanwhile, the 

critical temperature decreases with the decrease in pH due to the reduced electrostatic 
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distillation. The compilation of the studies on microparticulated plant proteins is shown in 

Table 2-6.  
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current research remains focused on whey protein microparticles, while other proteins, such 

as plant proteins, which also have potential as microparticles, remain underexplored. The 

reduced solubility and large heat-induced aggregates during microparticulation processing 

cause the challenges of the utilisation of plant microparticles. Some studies removed the 

insoluble fraction or hydrolysed the plant protein to tackle these issues (R. Liu, L. Wang, 

et al., 2018; Oliete et al., 2018). The combination of plant and milk protein could be another 

feasible approach to restrict the extensive aggregation. However, little study to date has 

investigated the microparticulation of plant/milk hybrid proteins or their applications, 

presenting a significant research gap. 

 

2.5 Emulsion  

 An emulsion is a dispersion system with two immiscible liquids, where one liquid 

is dispersed as spherical droplets (dispersed phase) in another surrounding liquid 

(continuous phase). The emulsion can be generally classified into three types. The oil-in-

water (O/W) emulsion consists of oil dispersed in the continuous water phase. Conversely, 

the water dispersed in oil is a water-in-oil (W/O) emulsion. Above these two types, the 

O/W or W/O emulsions can act as dispersed phases in oil or water, creating oil-in-water-

in-oil (O/W/O) or water-in-oil-in-water (W/O/W) emulsions (McClements, 2015). This study 

focuses specifically on O/W emulsions. 

 The process of forming an emulsion involves breaking up the oil phase into small 

droplets in the continuous phase, known as homogenisation, which applies high mechanical 

shearing energy, using a homogeniser, high-speed blender or microfluidiser. However, 

without stabilisers, pure oil and water tend to separate quickly because such mixtures are 

thermodynamically unstable. Therefore, to form kinetically stable emulsions for a period 
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of time, the emulsifier could be added to provide two most important functions: decreasing 

the interfacial tension between the oil and water interface and preventing droplet 

coalescence (Dickinson, 2015; McClements, 2007, 2015).  

The emulsifiers are amphiphilic substances that can rapidly adsorb to the newly 

created interface of oil and water and act as a protective coating. The most commonly used 

emulsifiers in foods are small-molecule surfactants, biopolymers and some particulate 

materials (Dickinson, 2017). Various types of emulsifiers would largely affect the 

properties of their stabilised emulsions, such as stability, rheology, and microstructure. 

Proteins and polysaccharides are the two major polymers which are often used in food 

emulsification. In this study, we focused on the protein as an emulsifier. Amphiphilic 

proteins have both polar and nonpolar residues on the surface to produce desired water 

solubility and interfacial activity. The globular or flexible random coil structures of proteins 

would influence how they behave at interfaces. In addition, the stability of emulsions was 

determined by the electrical repulsion and steric hindrance provided by the protein layer 

formed at the interface (Dickinson, 2013; McClements & Jafari, 2018).  

 Milk proteins, including caseins and whey proteins, are considered effective 

emulsifiers, and their behaviour in emulsions has been extensively studied (Hu et al., 2003; 

Schröder et al., 2017). In contrast, plant proteins are not extensively used in food emulsions 

due to their relatively inferior emulsifying ability compared to animal proteins (Tang, 2017). 

Generally, a good protein emulsifier should meet three requirements: (1) fast adsorption, 

(2) good unfolding ability at the interface and (3) the ability to form a viscoelastic 

interfacial film (Damodaran, 2005). Most plant proteins do not meet these criteria because 

of their low solubility, tendency to aggregate, and rigid structures (Lima et al., 2023; Sarkar 

& Dickinson, 2020; X. Zhang et al., 2023). However, these same properties can be 

advantageous in a different approach. Researchers noticed that the low solubility of plant 
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proteins in both water and oil phase could be an adventage as particle emulsifiers in 

Prickering emulsions, offering an alternative strategy to conventional soluble emulsifiers. 

 

2.5.1 Particle emulsifiers  

Emulsions stabilised by particles are called Pickering emulsions since the first work 

by Pickering (1907). The particles could also adsorb on the interface and form a mechanical 

barrier to prevent the droplet from destabilisation (Dickinson, 2012). However, different 

from conventional molecular emulsifiers, whose adsorption is reversible, the particles 

require high energy for adsorption. Consequently, the adsorption is considered irreversible 

since the high desorption energy barrier (Tcholakova et al., 2008). Once anchored, the 

particles form a steric barrier to prevent Pickering emulsions from coalescence (Rayner et 

al., 2014). For instance, the microparticles that underwent microparticulation processing 

usually had higher surface hydrophobicity, encouraging stronger interactions at the 

interface and creating thicker, more stable films (Sun et al., 2015). In addition, 

microparticles can increase the viscosity of the continuous phase, slowing the movement 

of droplets and improving the stability against creaming (Sun et al., 2016). 

Despite these advantages, the emulsifying performance is not always consistent, 

indicating the challenges of optimising particle emulsifiers. The opposite results of 

microparticles in the emulsifying stability were also reported (Dissanayake & Vasiljevic, 

2009; Sun et al., 2016), since the absence of a standardised preparation method, which 

works for various types of proteins. It is worth noting that particle-stabilised emulsions tend 

to have large droplet sizes, because larger particles require more time and energy to reach 

and adsorb at the interface, which makes them have a high potential for gravitational 

creaming (Yang et al., 2017).  
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Therefore, it is important to carefully develop/modify the particle emulsifiers with 

a smaller particle size, better dispersibility and faster adsorption. For example, 

microparticulated whey protein had better emulsifying ability when prepared at low pH, 

since the size reduction was more significant at acidic pH compared to that at neutral pH 

(Dissanayake et al., 2012). Dissanayake and Vasiljevic (2009) suggested that partial heat 

treatment can expose hydrophobic groups, improving unfolding and adsorption at the 

interface. On the other hand, different from microparticulated whey protein, which prefers 

acidic modified conditions, microparticulated zein benefits more from alkaline treatment, 

which produces smaller particles and increases their loading on oil droplets, thereby 

enhancing emulsification performance (Öztürk, 2014).  

Beyond whey proteins, plant proteins (such as legume and cereal proteins) are 

emerging as alternative proteins for particle-stabilised emulsions. Examples of plant 

protein particles stabilised Pickering O/W emulsions were listed in Table 2-7. 

Table 2-7: Examples of plant protein particles as emulsifiers for Pickering O/W 

emulsions 

Protein types  Modification methods 
Emulsion 

droplet size (µm) 
Reference 

Zein 
Ultrasonication with stearic 

acid 
20-50 Gao et al. (2014) 

Zein Ethanol precipitation 100 de Folter et al. (2012) 

Soy 
Soy suspension and 

ultrasonication 
0.5-1 Gao et al. (2013) 

Soy 
SPI dispersion (pH 7), heat 

treatment (95 °C for 15 min) 
1 

Liu and Tang (2013); 

Liu and Tang (2014) 
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proteins, such as the gliadin from wheat (Hu et al., 2016) and Kafirin from sorghum (Xiao 

et al., 2016), have also been fabricated into particles by using the anti-solvent precipitation 

method and have shown potential as novel particle emulsifiers.  

 

2.5.2 Emulsification of mixed plant and milk proteins 

 The combination of plant and milk proteins has attracted increasing attention 

recently, as it could reduce reliance on single-source animal proteins. An optimised mixed-

protein system could take advantage of both proteins to enhance emulsion stability. 

However, limited studies have been conducted on the emulsifying properties of mixed 

proteins, especially those of complexed plant/milk proteins. 

The synergistic effect between plant and milk proteins in terms of emulsion 

stabilisation has been reported by several studies. The intermolecular interactions through 

disulphide binding and hydrophobic interactions occur between mixed proteins, resulting 

in a thicker and denser interfacial layer to provide steric repulsion (Ho et al., 2018; Mao et 

al., 2013). For example, the synergistic effect of legume and whey protein, such as soy and 

whey protein, showed increased adsorption of both proteins on the interface, attributed to 

the interactions between the two proteins (X. Zhang et al., 2021). These blends formed 

interfacial films with greater elasticity and viscoelastic strength (Ho et al., 2018; Pizones 

Ruiz-Henestrosa et al., 2014).   

In terms of bulk stability, other studies also reported that the mixed protein system 

exhibited positive results. The nanoemulsions prepared with sodium caseinate alone or pea 

protein alone were unstable due to depletion flocculation or excessive droplet and protein 

aggregation. However, the mixture of two proteins can stabilise emulsion against 

aggregation and creaming, since the aggregates of pea protein isolate may be disrupted by 
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behaviour and thermal stability of HP/milk protein particles, especially in both 

conventional and high internal phase emulsions. Addressing these gaps will be essential for 

developing clean-label, sustainable, and high-performance emulsifiers for innovative food 

applications. 
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between the sample and the coverslip. The freshly prepared sample slide was immediately 

examined by CLSM with a 63x oil immersion objective lens. 

 

3.12 Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

The protein composition was studied by Tris-HCl sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions as per the 

protocol described by Dave et al. (2019) and Manderson et al. (1998). The protein sample 

was mixed with non-reducing or reducing sample buffer to a 

final protein concentration of 1 mg/mL. Dithiothreitol was used as a reducing agent in the 

reducing sample buffer (200 mM), and the reducing samples were heated at 

56 °C for 15 min. Samples (10 �PL) were loaded onto Mini-Protean gels (Bio-Rad 

Laboratories, Richmond, CA, USA) and run at 150 V, followed by Coomassie brilliant blue 

staining and destaining (10% isopropanol and 10% glacial acetic acid in water, v/v). The 

destained gel was scanned using a Gel Doc XR (Bio-Rad Laboratories) molecular imager, 

and the densitometric analysis of protein composition was carried out with ImageLab 

software. 

 

3.13 Total protein coverage on the emulsion droplet surface 

The emulsions were centrifuged at 45,000 × g for 40 min at 20 °C. The subnatant 

layer and sediment layer were carefully collected. The cream layer was dispersed in 

deionised water and re-centrifuged at 45,000 × g for 40 min to obtain washed cream. The 

protein content in the subnatant and sediment was analysed separately using the Kjeldahl 

method.  

Adsorbed protein (g) was calculated using equation (Eq. 3.2): 
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proteins (whey protein isolate, WPI or sodium caseinate, NaCN) were studied. The aim of 

this study is to understand the possible mechanism of heat-induced interactions between 

hemp protein and two major milk protein fractions, whey protein and casein, in order to 

understand how these interactions influence aggregation behaviour and microstructure 

formation. The findings provide new insights that can inform the produce of new functional 

HP/milk protein microparticles for potential food applications. 

 

5.2 Materials and methods 

5.2.1 Materials 

Whey protein isolate (WPI) containing 92.0% protein, 0.9% fat, 1.6 % ash and 5.2% 

moisture and sodium caseinate (NaCN) containing 92.3% protein, 0.6% fat, 4.0% ash and 

4.8% moisture were purchased from Fonterra Co-operative Group Limited, Auckland, New 

Zealand. The hempseed protein (HP) concentrate powder was purchased from Davis Food 

Ingredients (Davis Trading Company Ltd., Palmerston North, New Zealand). All chemicals 

were purchased from Sigma-Aldrich Ltd. (St. Louis, MO, USA), and the reagents were 

made up in Milli-Q water (Milli-Q apparatus; Millipore Corp., Bedford, MA, USA). 

 

5.2.2 Proximate analysis 

The proximate composition of HP was analysed as follows: protein content was 

determined using the Kjeldahl method (AOAC 991.20, nitrogen factor 5.21); fat, ash and 

moisture content were determined according to AOAC 922.06, AOAC 942.05 and AOAC 

925.10, respectively (AOAC, 2023); and carbohydrate content was calculated by 

subtracting the sum of the protein, ash and fat from the total solid. The HP powder 

contained 59.8% protein, 2.4% fat, 10.7% ash, 6.8% moisture and 20.2% carbohydrate.  
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The heated WPI and NaCN on the other hand showed well-dispersed small particles 

(Fig. 5.2C, D). Co-heating HPPs and WPI resulted in spherical particles (Fig. 5.2E), which 

appear to be smaller than those observed in heated HPPs but much larger than the particles 

in the heated WPI, which could indicate that both proteins could have participated in the 

microparticles formation. On the contrary, there were two main types of 

aggregates/particles observed in the heated HPPs/NaCN mixture (Fig. 5.2F); large 

aggregates that resemble HPPs-rich particles and small aggregates that could be casein-rich 

particles. This observation will be discussed further in the following sections. 

 

 

Fig. 5.2. Transmission electron microscopy of unheated/ heated hemp protein particles 

(HPPs) and heated whey protein isolate (WPI), sodium caseinate (NaCN) and their mixture 

with HPPs. 
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Fig. 5.3. SDS-PAGE under (A) non-reducing conditions and (B) reducing conditions of 

heated (95 °C for 20 min) and unheated hemp protein particles/whey protein isolate 

(HPPs/WPI) dispersion and their supernatant and sediment. Lanes are: 1, marker; 2, 

unheated HPPs/WPI dispersion; 3, supernatant from unheated HPPs/WPI dispersion; 4, 

sediment from unheated HPPs/WPI dispersion; 5, heated HPPs/WPI dispersion; 6, 

supernatant from heated HPPs/WPI dispersion; 7, sediment from heated HPPs/WPI 

dispersion.  
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that hydrophobic interactions occurred at high temperatures to prevent HPPs aggregation, 

but these interactions were diminished at low temperatures. Hence, no stable complexes 

were found when the mixture was cooled to room temperature.  
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Fig. 5.4. SDS-PAGE under (A) non-reducing conditions and (B) reducing conditions of 

heated (95 °C for 20 min) and unheated hemp protein particles/sodium caseinate 

(HPPs/NaCN) dispersions, the total, supernatant and sediment fractions. Lanes are: 1, 

marker; 2, unheated HPPs/NaCN dispersion; 3, supernatant from unheated HPPs/NaCN 

dispersion; 4, sediment from unheated HPPs/NaCN dispersion; 5, heated HPPs/NaCN 

dispersion; 6, supernatant from heated HPPs/NaCN dispersion; 7, sediment from heated 

HPPs/NaCN dispersion.  
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groups of HPPs/WPI and HPPs/NaCN after heat treatment were very close to their 

calculated theoretical values, which are the averages of individually heated proteins. This 

may suggest that the amount of available and reacted free SH groups in individual heated 

protein or heated protein mixtures were similar. It is possible that during the heat treatment 

of mixed protein, the exposed free SH groups of the individual proteins also participated in 

either self-interactions or interacted with other proteins. 

The surface hydrophobicity values of HPPs, WPI, NaCN and their mixtures are 

shown in Fig. 5.5B. The determination of surface hydrophobicity could offer some 

additional information on the change of protein structure during heating and indicate 

possible hydrophobic interactions. The surface hydrophobicity of HPPs increased 

significantly after heating in accordance with the increased surface hydrophobicity in 

heated HP globulins. The surface hydrophobicity of whey proteins increased from 2800 to 

4316 after heating while that of NaCN remained steady at 1600 to 1700 (Fig. 5.5B). This 

trend was consistent with other studies on the surface hydrophobicity of NaCN (Chuang et 

al., 2019) and whey proteins (Hussain et al., 2012; Ryan et al., 2012) before and after 

heating. It is expected that some of the buried hydrophobic groups would be exposed during 

the unfolding of the native globular structure of whey proteins under heat treatment and 

could contribute to the increase of surface hydrophobicity (Comfort & Howell, 2002; Ryan 

et al., 2013). As caseins have no well-defined tertiary structure there would be no change 

expected in surface hydrophobicity after heat treatment (Bryant & McClements, 1998).  

The surface hydrophobicity of the heated HPPs/WPI mixture also increased, but the 

values were lower than the calculated theoretical value of the heated HPPs/WPI mixture 

possibly because of the lack of interactions. The lower actual surface hydrophobicity value 

suggests that HPPs and WPI interacted with each other via hydrophobic interactions rather 

than binding with fluorescence probes (ANS). Chihi et al. (2016) reported an increased 
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Fig. 5.5. Free sulphydryl (SH) groups (A) and surface hydrophobicity (H0) (B) of unheated 

(light grey bar) and heated (dark grey bar) hemp protein particles (HPPs), whey protein 

isolate (WPI), sodium caseinate (NaCN), HPPs/WPI and HPPs/NaCN dispersions, and the 

calculated theoretical value (dark grey bar with stripes pattern) of heated HPPs/WPI and 

HPPs/NaCN mixtures, assuming no interactions. Different lowercase letters indicate 

significant differences of each sample before and after heating (p < 0.05).  
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5.3.5 Thermal stability of HPPs/milk protein hybrid particles  

The heated HPPs/WPI and HPPs/NaCN mixtures resulting in hybrid particles were 

cooled to room temperature and then reheated (95 °C for 20 min) to assess their thermal 

stability. As can be seen in Fig. 5.6A, the particle size distributions of HPPs/WPI and 

HPPs/NaCN particles after heating were very similar to the original size distribution of the 

original protein mixtures, suggesting that these particle protein systems were heat-stable 

under the conditions tested.  

The protein particles and soluble proteins of heated HPPs/WPI and HPPs/NaCN 

mixtures were separated by centrifugation. The dispersion of sediment was then re-heated 

to assess the heat stability of the hybrid particles themselves. The particle size distribution 

of re-dispersed sedimentable fractions from HPPs/WPI and HPPs/NaCN dispersions are 

shown in Fig. 5.6B. Firstly, results showed that re-dispersed particles from heated 

HPPs/WPI and HPPs/NaCN dispersions were slightly larger compared with the dispersions 

prior to centrifugation (Fig. 5.6A), which was expected because centrifugation can induce 

particle aggregation. Secondly, the particle size distribution of the re-dispersed HPPs/WPI 

did not change significantly after re-heating, which could be interpreted as if the proteins 

in the supernatant did not contribute to the thermal stability of the HPPs/WPI microparticles.  

Microparticulated whey protein exhibits enhanced heat stability since the reduction 

of free thiol groups led to limited interactions among whey protein microparticles 

(Dissanayake & Vasiljevic, 2009). In this study, during the denaturation of whey proteins 

and the formation of irreversible HPPs/WPI microparticles, it was expected that most of 

the exposed reactive groups would have already interacted with each other, which resulted 

in fewer groups available during the subsequent heat treatment.  

Interestingly, the particle size distribution of the re-dispersed sedimentable fraction 

obtained from HPPs/NaCN after re-heating showed significantly larger particle populations 
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from ~20 �Pm to ~60 �Pm. We could speculate that the HPPs/NaCN particles were reversible 

because the hydrophobic interactions were reduced at low temperatures (Chuang et al., 

2021; Sun et al., 2022). The dissociated HPPs were susceptible to heating and self-

aggregated without the chaperone-like action provided by caseins after removing soluble 

NaCN.  
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Fig. 5.6. Particle size distributions of (A) heated hemp protein particles/whey protein 

isolate (HPPs/WPI) and heated hemp protein particles/sodium caseinate (HPPs/NaCN) 

dispersions and their re-heated (95 °C for 20 min) dispersions; and of (B) the re-dispersion 

of the sediment collected from heated HPPs/WPI and HPPs/NaCN, and their re-heated 

(95 °C for 20 min) dispersions.  
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Fig. 5.7. Schematic representation of possible mechanisms by which (A) hemp protein particles/whey protein isolate (HPPs/WPI) and (B) hemp 

protein particles/sodium caseinate (HPPs/NaCN) interact during heat treatment (95 °C, 20 min) and cooling down. 
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5.4 Conclusions 

This study revealed different possible mechanisms of heat-induced aggregation of 

HPPs in the presence of WPI or NaCN. It was found that the whey proteins associate 

irreversibly via disulphide bonds with HPPs upon heating. The modification of HPPs 

through this binding of whey proteins restricts further aggregation of HPPs upon continued 

heating. In addition, casein interacted with HPPs reversibly, possibly involving the 

chaperone-like property of casein molecules. This mechanism could be applied to enhance 

the heat stability of HPPs for various food applications. This study is pioneering in 

describing possible mechanisms of heat-induced interactions between hemp protein (HP) 

and milk proteins. However, future research should explore other factors affecting heat-

induced aggregation, such as a range of protein concentrations and HP to milk protein ratios 

to gain a more comprehensive understanding of protein aggregation behaviour. In summary, 

this study explored a feasible strategy to develop more functional plant and dairy based 

food products by combining hemp proteins with milk proteins.  
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Fig. 6.4. SDS-PAGE under reducing conditions of heated WPI, HP and HP/WPI dispersion 

at pH 7. Lanes are: 1, marker; 2, heated WPI (total); 3, supernatant (SUP) from heated WPI; 

4, sediment (SED) from heated WPI; 5, heated HP/WPI; 6, supernatant from heated 

HP/WPI; 7, sediment from heated HP/WPI; 8, supernatant from heated HP. 

 

 As discussed before, heated whey protein can form soluble aggregates at pH 8; 

therefore, the bands of whey protein were only present in the supernatant fraction (Fig. 6.5, 

lane 3). On the other hand, no clear HP bands were observed in the supernatant of heated 

HP dispersion at pH 4 to 8 (Fig. 6.4-6.8, lane 8), indicating that heated HP remained 

predominantly in aggregated form across this pH range. This is possibly due to the 

relatively higher free thiol groups in the HP, which led to a strong tendency for disulphide 

bonding (Xu et al., 2022). 

Interestingly, the protein mixture heated under alkaline conditions (pH 8) showed 

different interaction behaviour compared to that which occurred at neutral pH. The soluble 

whey protein interacted with both the HP basic subunit (HP-BS) and a proportion of the 
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HP acidic subunit (HP-AS), leading to their co-sedimentation (Fig. 6.5, lane 7). However, 

the other portion of HP-AS became soluble when co-heated with whey protein, moving to 

the supernatant (Fig. 6.5, lane 6). SDS-PAGE analysis of the supernatant fraction under 

non-reducing conditions revealed the high molecular weight protein aggregates, exceeding 

75 kDa and remaining in the stacking gel (data not shown), were dissociated into clear 

bands of HP and whey protein under reducing conditions (Fig. 6.5, lane 6). These findings 

may indicate the formation of soluble hybrid protein aggregates, stabilised by covalent 

and/or non-covalent interactions.  

 

 

Fig. 6.5. SDS-PAGE under reducing conditions of heated WPI, HP and HP/WPI dispersion 

at pH 8. Lanes are: 1, marker; 2, heated WPI (total); 3, supernatant (SUP) from heated WPI; 

4, sediment (SED) from heated WPI; 5, heated HP/WPI; 6, supernatant from heated 

HP/WPI; 7, sediment from heated HP/WPI; 8, supernatant from heated HP. 
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also been observed at pH 5 (Allahdad et al., 2023). The minimum intra- and inter-molecular 

repulsion, close to the isoelectric point, facilitates both covalent (disulphide) and non-

covalent interactions (Verheul et al., 1998), which provides the possibility of hybrid protein 

interactions.  

 

 

Fig. 6.6. SDS-PAGE under reducing conditions of heated WPI, HP and HP/WPI dispersion 

at pH 6. Lanes are: 1, marker; 2, heated WPI (total); 3, supernatant (SUP) from heated WPI; 

4, sediment (SED) from heated WPI; 5, heated HP/WPI; 6, supernatant from heated 

HP/WPI; 7, sediment from heated HP/WPI; 8, supernatant from heated HP. 
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Fig. 6.7. SDS-PAGE under reducing conditions of heated WPI, HP and HP/WPI dispersion 

at pH 5. Lanes are: 1, marker; 2, heated WPI (total); 3, supernatant (SUP) from heated WPI; 

4, sediment (SED) from heated WPI; 5, heated HP/WPI; 6, supernatant from heated 

HP/WPI; 7, sediment from heated HP/WPI; 8, supernatant from heated HP. 

 

Interestingly, at more acidic conditions (pH 4 and 3), the bands of heated whey 

protein reappeared in the supernatant fractions (Fig. 6.8 and 6.9, lane 3), which indicates 

the heat stability of whey protein at these lower pH levels. This finding is consistent with 

other findings that whey protein exhibited increased resistance to thermal denaturation at 

pH 4 due to enhanced structural stability and reduced aggregation rate (Dissanayake, 

Ramchandran, Donkor, et al., 2013). When the protein mixture was heated at pH 4, the 

most soluble whey protein was found in the sediment alongside HP (Fig. 6.8, lane 7), 

indicating strong HP and whey protein interactions at this pH.  
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Fig. 6.8. SDS-PAGE under reducing conditions of heated WPI, HP and HP/WPI dispersion 

at pH 4. Lanes are: 1, marker; 2, heated WPI (total); 3, supernatant (SUP) from heated WPI; 

4, sediment (SED) from heated WPI; 5, heated HP/WPI; 6, supernatant from heated 

HP/WPI; 7, sediment from heated HP/WPI; 8, supernatant from heated HP. 
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condition for producing heat-induced HP/WPI aggregates and was therefore selected for 

the development of microparticulated WPI/HP mixtures in the subsequent chapters. These 

findings provide valuable insights for the design and optimization of HP/WPI aggregates 

in future microparticulation processes. 
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7.2.3 Preparation of HP/WPI emulsions 

To prepare emulsions stabilised by either microparticulated or non-

microparticulated HP/WPI, two types of coarse emulsions were first prepared. For 

microparticulated emulsions, preformed HP/WPI microparticles were dispersed in water 

containing 10% (w/w) soybean oil to achieve final protein concentrations of 0.25%, 0.5%, 

1.0%, 1.5%, or 1.8% (w/w). For non-microparticulated emulsions, a dispersion of HP 

particles / WPI mixture (at the same protein ratios used in microparticle preparation) was 

directly dispersed at corresponding total protein concentrations and oil concentration. 

Coarse emulsions were prepared using a benchtop Ultra-Turrax mixer (IKA, Wilmington, 

NC, USA) for 30 s at room temperature. The resulting coarse emulsions were then passed 

2 times through a two-stage homogeniser at 300 bar (first stage)/50 bar (second stage) to 

produce fine emulsions stabilised by either microparticulated or non-microparticulated 

HP/WPI. Sodium azide (0.02%, w/w) was added to inhibit microbial growth.  

 

7.2.4 Droplet size analysis 

The droplet size of the HP/WPI emulsion was measured by static light scattering 

using a Mastersizer 2000 and a Hydro MU unit (Malvern Instruments, Worcestershire, UK). 

The refractive index was 1.45. The data were reported in volume-weighted mean diameter 

d (4, 3), calculated as the average of triplicate measurements. The surface weighted mean 

diameter d (3, 2) was also collected to calculate surface protein coverage in the following 

section. 
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particle size analysis shown in Fig. 7.1B. These findings suggest that microparticulation 

effectively breaks down aggregates and leads to more homogeneous size distribution..   




































































































































































































































