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Abstract 
 

Plant proteins is an alternate option for animal proteins. In the last decade, the market trend 

towards plant-based protein is significantly accelerated. To meet market demand, plant-based 

protein ingredients must compete with or outperform traditional animal protein sources in 

terms of techno-functional properties. Plant proteins typically have extremely different 

molecular, chemical, and physical properties than animal proteins. Due to this the main 

challenge is to stimulate the desirable appearance, texture, mouthfeel, and functionality of the 

products manufactured from plant proteins as compared with animal proteins. We choose 

quinoa as they can reduce the risk of several diseases such as anti-depressants, anti-

inflammatory, and anti-cancer. High amount of flavonoids such as quercetin and kaempferol, 

and antioxidants are present in quinoa seeds. However, understanding the underlying 

characteristics of plant proteins and how they might be built into structures similar to those 

found in animal products is therefore crucial. So, to understand the gelation property of quinoa 

plant protein, this study aims to investigate the physicochemical and rheological behaviour of 

quinoa protein with different NaCl and CaCl2 concentration, different polysaccharides 

concentration and to compare the heat-induced gelation behaviour between quinoa protein 

isolate and whey protein isolate.  

The rheological properties and microstructural changes in the quinoa protein were monitored 

when addition of salt (NaCl and CaCl2), polysaccharide, and comparison of plant protein and 

dairy protein at various pH and protein concentrations were performed. The changes in the 

storage modulus and microstructure of the suspension and gels were examined. This research 

evaluated the effect of addition of NaCl (0 mM to 200 mM) and CaCl2 (20 mM and 50 mM) at 

various concentrations; addition of guar gum, locust bean gum, and xanthan gum at 0.05 %, 

0.1 % and 0.2 % concentrations; and to assess and compare the gelation behaviour of the quinoa 

protein isolate, and whey protein isolate at pH 7, pH 5 and pH 3 with different protein 

concentration.  

Addition of NaCl and CaCl2 illustrated sol-gel transition using small and large deformation 

rheology, although all protein gels displayed weak gel characteristics. It was discovered that 

with addition of NaCl from 0 mM to 200 mM, gelation temperature decreased from 73 °C to 

40 °C and complex modulus (G*) increased from ~67 Pa to ~125 Pa. As the NaCl concentration 
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Chapter 6 discusses the major findings from the study. The results of this project are 

summarised, and major outcomes discussed and concluded. It also consists of 

recommendations for future work.  
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Quinoa is a pseudo-cereal since it does not belong to the Gramineae family, but it contains 

seeds that can be ground into flour and used as a cereal (Murphy & Matanguihan, 2015; Repo-

Carrasco-Valencia & Serna, 2011). It is a yearly dicotyledonous plant that grows to be ~0.5-

2.0 m tall, with large panicles of ~1.8-2.2 mm. Depending on verities, quinoa seeds have 

different colours including pale yellow, white, red, brown, and black. (Rojas et al., 2015) (Fig. 

2.1). Different quinoa ecotypes and their characteristics are listed in Table 2.1. 

 

Fig 2.1: Different colours and clusters of quinoa plant located from south to west of Lake 

Titicaca in the Omasuyos region (Del Castillo et al., 2008; Garcia et al., 2015) 

 

Table 2.1: Different ecotypes of quinoa (González et al., 2015; Tapia, 2012) 

 

Ecotypes of quinoa Characteristics 

Valley quinoa  With plant height of 150-200 cm or more, it is a 

late-ripening variety 

Altiplano quinoa Germinating around Titicaca Lake in Bolivia and 

Peru, it can tolerate heavy frost 

Salar quinoa Growing on the Bolivian Altiplano plains of Uyuni 

and Coipasa, it can withstand salty soils with high 

pH values 

Sea level quinoa  The smallest ecotypes of quinoa (100 cm) found 

especially in the southern part of Chile having 

bitter-tasting grains and fewer stems attached.  
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(Abugoch et al., 2008; Dakhili et al., 2019). Due to a low content of prolamin, quinoa seeds 

can be considered as gluten-free (Thanapornpoonpong et al., 2008). In terms of the amino acids 

profile, quinoa proteins are rich in methionine, histidine and lysine as compared with soy 

protein and wheat. Amino acids present in quinoa are higher in alanine, aspartic acid and 

arginine as compared with that of wheat and casein protein (Table 2.3). 

 

Table 2.3: Amino acid composition of quinoa, wheat, and casein (milk protein) (g/100g dry 

matter).  

 

Amino acid Wheat Casein  Quinoa  

Alaninen 3.6 2.7 4.2 

Aspartic acidn 5.1 6.3 8 

Argininen 4.7 3.7 7.7 

Glycinen 4.2 1.6 4.9 

Glutamic acidn 31.7 19.0 13.2 

Histidinee 2.3 2.7 2.9 

Leucinee 6.8 8.4 5.9 

Isoleucinee 3.6 4.9 3.6 

Lysinee 2.7 7.1 5.4 

Methionine+ cysteinee 4.2 2.64 3.6 

Phenylalanine+ tyrosinee 7.8 10.0 6.1 

Prolinen 10.2 - 5.5 

Serinen 4.6 4.6 4.0 

Tryptophane 1.3 1.4 1.2 

Threoninee 2.9 3.7 3.0 

Valinee 4.4 6 4.2 

Reference (USDA, 2015) (Wang et al., 

1999) 

(Elsohaimy et al., 

2015; USDA, 2015) 

*n: non-essential amino acid and e: essential amino acid 

 













14 
 

a 200 µm sieve. The flour was defatted for 24 hours in a soxhlet extractor using petroleum 

ether. Thereafter, the petroleum ether was removed by evaporation after defatting. The defatted 

flour was suspended in deionized water (10% w/w), and the pH was adjusted to 8- 11 using 2 

M NaOH. To enhance protein solubilization, these solutions were stirred for 4 h at room 

temperature and kept at 4 °C for another 16 h. The suspensions were then centrifuged at 6000g 

for 30 min at 10 °C. The pH of the supernatants was adjusted to 4.5 using 2 M HCl before 

centrifugation for 30 min at 13,000g and 10 °C. The precipitated pellets were resuspended in 

deionized water. To remove any salts, the protein pellets were washed with water 3- 4 times, 

before being re-suspended in deionized water and neutralised with 2 M NaOH. The suspensions 

were frozen in liquid nitrogen and then freeze-dried for 72 h to obtain the protein isolate 

powder. Approximately 75 % of protein yield was obtained at pH 11 with protein purity of 82 

%. And for pH 8 protein yield obtained was ~62 % with protein purity of 88 %. 

There are some advantages of wet fractionation: protein isolates obtained typically has a higher 

protein content of ~70% -90% Higher protein yield was observed when the extraction pH was 

increased. However, higher pH extractions lead to partially protein denaturation, which is 

detrimental for their gelation properties (G. A. Ruiz et al., 2016). But wet fraction also has 

some disadvantages: the extraction process is energy and labour intensive and may have a 

negative impact on physicochemical properties and techno-functional properties of protein 

isolates (Abugoch et al., 2008; Callisaya et al., 2009). 

 

2.3.2. Dry fractionations 
 

 

Fig 2.3: The basic process of dry fractionation (Schutyser et al., 2015) 
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The basic process of dry fractionation can be seen in Fig 2.3.  Quinoa seeds were firstly pre-

milled to separate the cotyledons from the seed using a laboratory scale mill using 1.25 mm 

and 2.0 mm screens. The rotor speed was 6000 rpm, and the feed rate was 20 g/min. The pre-

milled quinoa seeds were then sieved by air jet sieving at 1500 Pa for 2.5 min with different 

sieves (0.800, 0.630, and 0.315 mm) (Opazo-Navarrete et al., 2018). After milling, air 

classification separates the smaller protein-rich fragments (approx. < 1.25 µm) from the larger 

starch granules (~2.5- 3.0 µm) (Schutyser et al., 2015). Rotor classifiers are commonly used 

for air classification of finely ground flours. The flour is distributed in a broad stream of air in 

this classifier. It then enters from the bottom and rises into a conical tank housing a spinning 

classification wheel with blades at the top. These blades provide a centrifugal-counterflow 

separation zone that separates small and big particles. The particle density has an effect on the 

separation behaviour as well. The size of the particles that end up in the fine fraction is 

determined by the drag forces caused by the air flow and the centrifugal forces created by the 

classifier wheel. Particles with a drag force greater than the centrifugal force may pass through 

the gaps in the wheel and enter the fine fraction (Pelgrom et al., 2013). Fractions (Quinoa 

protein concentrate) obtained using the dry fractionation method has a 47 % protein yield with 

a protein purity of 27.8 % (w/dw). Proteins can be kept in their native state by using the dry 

fraction method. However, it typically leads to a protein fraction with much lower protein 

content and purity compared to that obtained from the wet extraction process.   

Table 2.7: Summary of methods used for quinoa protein extractions with the protein yield and 

purity.  QPC- Quinoa protein concentrate, QPI- Quinoa protein isolate. 

 

Method of 

protein 

extraction 

Yield 

based 

on the 

dry 

matter 

of 

quinoa 

flour  

Protein 

content 

Protein 

extraction 

condition 

Defatting 

solvent 

Reference 
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2.4.Physicochemical properties and techno-functional properties of QPI 

 

The QPI obtained from different extraction conditions show different techno-functional 

properties such as gelation, emulsification, solubility and foaming capability and stability. 

These techno-functionalities are critical for the QPI applications in food products and are 

described in the following sections.  

2.4.1. Gelation property 
 

Globular proteins can form gels with two different microstructures, which are fine and stranded 

or coarse networks depending on gelation conditions. While the fine stranded gel is transparent 

at pH values far from isoelectric point and at low ionic strength (Zhang et al., 2010), coarse 

gels are turbid when the ionic strength is increased and pH is close to the isoelectric point 

(Pathania et al., 2019). Denaturation of protein molecules by high hydrostatic pressure, heat 

treatment or pH adjustment can form a three-dimensional network induced by the protein 

aggregation (Kaspchak, Oliveira, et al., 2017). The easiest way to form a globular protein gel 

is to heat the globular protein above its denaturation temperatures (~70 °C-120 °C) (Tobitani 

& Ross-Murphy, 1997). 

The effect of pH (3.5 and 7.0) and additions of CaCl2 and MgCl2 on the heat-set gelation of a 

quinoa protein isolate at 10% and 15% (w/w) concentrations was studied by Kaspchak, 

Oliveira, et al. (2017). The gels formed at pH 3.5 were viscoelastic and denser than those 

formed at pH 7.0, which were coarser and had syneresis. The addition of CaCl2 and MgCl2 

enhanced the gel strength at pH 3.5, which could be attributed to the formation of fiber-like 

connections in the gel network. The divalent salts resulted in weaker gels with large 

agglomerates at pH 7.0, indicating that protein surface charges were screened and repulsions 

between proteins were dismissed. It was also found that the gelation temperature attained in 

this study (~64- 87 °C) was lower than the quinoa protein denaturation temperature (~98 °C).  

Ruiz, Xiao, et al. (2016) studied the effect of extraction pH on the heat induced gelation of 

QPI. QPI were extracted at various pH values (pH 8 (E8), pH 9 (E9), pH 10 (E10), and pH 11 

(E11)), which was then acid precipitated and freeze dried. The protein isolates E8 and E9 had 

a lower protein yield (~37 %) with a less extent of protein denaturation. Heating the 10% w/w 

protein isolate suspensions E8 and E9 resulted in extensive protein aggregation and formations 

of semi-solid gels with a dense microstructure. However, the quinoa isolate suspensions E10 
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and E11 aggregated less, did not form self-supporting gels, and exhibited loose particle 

interactions. It might be due to increased protein denaturation at E10 and E11 samples.  

2.4.2. Emulsion capacity and stability  
 

Emulsions are dispersions made up of two immiscible liquid phases that are mixed together 

with the aid of mechanical stress and surfactants (Kale & Deore, 2017). The maximum quantity 

of oil that can be incorporated in an aqueous solution containing a specific amount of the 

emulsifier without the phase inversion is defined as the emulsion capacity. Emulsions which 

can stay without any phase separation under a specific temperature and centrifugation force for 

a specific amount of time is defined as emulsion stability (McClements, 2004). The emulsion 

ability of quinoa protein isolate ranged from ~1.5 m2/g to 3.4 m2/g when protein concentration 

increased from 0.1 % to 3 %. With the increase in protein concentration emulsion ability 

increased. However, emulsion stability decreased from ~42 to 30 min as the concentration of 

quinoa protein isolate increased (0.1 to 3%) (Elsohaimy et al., 2015). 

2.4.3. Solubility of quinoa protein isolates  
 

Abugoch et al. (2008) studied the solubility of QPI that were obtained from alkaline extraction 

at pH 9 (Q9) and pH 11 (Q11). Protein isolated at pH 9 (Q9) showed a high solubility (~85 %) 

than that of Q11 (~41 %). Kaspchak, Oliveira, et al. (2017) found that the solubility of the QPI 

at acidic pH (below pH 6) is very low 0- 4 %, while at basic pHs i.e., (above pH 8) solubility 

is significantly increased to 77- 97 %. This could be due to the solubility of QPI being minimum 

at the isoelectric point (pH ~4.5) as there are minimum electrostatic repulsions, which lead to 

protein association and precipitation.  

2.4.4. Foaming capacity and stability 
 

Foaming properties of QPI are greatly influenced by the protein hydrophobicity, interfacial 

layer qualities, and moisture retention capacity (Nadathur et al., 2016). Foaming capacity of 

quinoa is also dependent on the pH. At higher pH (above pH 7) the foaming capacity was ~80 

% for 0.5 g QPI powder mixed into 50 mL distilled water and homogenized at 20,000 rpm for 

2 min. The higher foaming capacity at a higher pH could be explained by the increased protein 

solubility due to increase in the net charge of protein in the aqueous dispersion (Shen et al., 

2021). With the increase in the concentration of QPI from 0.1 to 3.0 % w/v , the foaming 
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Table 2.8: Application of quinoa in the food industry 

 

Product Quinoa fraction 

used 

Replaced 

ingredient  

Concentration applied  Used as References 

Pasta Quinoa protein 

isolate 

 Semolina 0.8 g/ 100 g (total w/w basis) Functional ingredient to increase the 

protein content, water absorption and 

volume expansion 

(Gupta et al., 

2021) 

Cupcakes Quinoa protein 

isolate 

Wheat flour 20 % Emulsifier, water absorption  (López-Alarcón et 

al., 2019) 

Bologna Fibre-rich fraction 

(quinoa starch) 

Potato starch NA Emulsifier (Fernández-

López, Lucas-

González, 

Roldán-Verdú, et 

al., 2020; 

Fernández-López, 

Lucas-González, 

Viuda-Martos, et 

al., 2020) 
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Fig 2.5:  Chemical formula of the locust bean gum (Mortensen et al., 2017) 

 

2.6.2. Ionic polysaccharides 

 

2.6.2.1.Xanthan gum 

 

Xanthan gum (XG) is an ionic polysaccharide obtained from an organism named Xanthomonas 

campestris (Jeanes et al., 1961). The main chain is made up of a 1,4-linked -D-glucose 

backbone with a charged trisaccharide side chain comprising a glucuronic acid residue between 

two mannose units at every alternate glucose residue's C(3) position. Xanthan gum changes 

from a disordered (random) structure to an ordered network in aqueous solutions when heated 

to ~70 °C (Bercea & Morariu, 2020). It also shows the pseudoplastic flow and it is stable at a 

broad range of temperature and pH (pH 1 to pH 13) (Kang & Pettitt, 1993). According to Habibi 

and Khosravi-Darani (2017), the addition of NaCl (more than 1-2% w/v) may slow down the 

hydration of xanthan gum in water. Monovalent salts such as sodium chloride can cause a 

decrease in viscosity of solution due to weakened intermolecular electrostatic interactions 

(Smith & Pace, 1982), however in the presence of divalent salts such as magnesium chloride 

or calcium chloride optimal rheological properties of gels were achieved (Milas & Rinaudo, 

1986). Change in pH (pH 1 to pH 13) can cause xanthan gum to change the charge density, 

which affects the interactions with other food components like proteins (Agoub et al., 2007; 

Rinaudo & Moroni, 2009). Due to the pseudoplastic behaviour, xanthan gum provides good 
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weakened and hence complex formation is suppressed (Ducel et al., 2005; Kizilay et al., 2011). 

3) mixing ratio of protein to polysaccharide- the ideal mixing ratio corresponds to a complete 

charge neutralisation in the biopolymer mixture. The electrophoretic mobility of the 

biopolymer complexes is zero at the complete charge neutralisation ratio, indicating the 

maximum number of formed particles. The neutralisation of biopolymer mixture is insufficient 

at ratios below the optimal mixing ratio, thus the complexes may still be soluble (Chun et al., 

2014).  

 

 

Fig 2.6: Complex formations in protein-polysaccharide systems (Warnakulasuriya & 

Nickerson, 2018). 

















35 
 

Dairy products Cream cheese, cream 

cheese spreads, cheese 

fillings and dips, 

yoghurt 

Sensory properties, emulsifier, 

gelling, curd cohesiveness, 

nutritional benefits 

Bakery products Croissants, cakes, 

muffins, bread  

Egg replacer, emulsifier, 

nutritional benefits 

Beverages Milk -based flavoured 

beverages 

Colloidal stability, viscosity, 

nutritional benefits 
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Table 2.14: Gelation application of whey protein isolate in food products 

 

Products Whey ingredients used  Concentration of 

whey proteins 

Conclusion  Reference 

Set yoghurt 

 

 

 

 

Unheated WPI, heat-

treated WPI, heat-treated 

WPI + sodium 

tripolyphosphate (WPI-

STPP), heat treated WPI 

+ pectin  

Heat-treated WPI-

STPP- 50 g kg-1 

1. Heat-treated WPI- STPP showed a complex, uniform, and 

denser microstructure. 

2. The use of heat-treated WPI-STPP also showed high protein 

quantity and hardness and viscosity as compared with 

commercial yoghurt  

(Cheng et 

al., 2017) 

Camel milk 

yoghurt 

Polymerized whey 

protein isolate (PWPI) 

8 % w/v 1. PWPI was used in replacement of thickeners such as agar or 

starch 

2. PWIP also showed increased protein content, water holding 

capacity and viscosity compared with camel milk yoghurt 

without the addition of PWPI  

3. The addition of PWPI also showed a decrease in syneresis 

(Sakandar 

et al., 

2014) 

Oats-based 

symbiotic 

yoghurt 

Pre-polymerized whey 

protein isolate (PWP) 

PWP- 0.8 % w/w 1. The microstructure of the samples revealed an increased 

concentration of PWP led to a denser protein network 

2. 9 week of storage shelf-life study showed L. casei and 

Bifidobacterium remained at a therapeutic level 

(Walsh et 

al., 2010) 
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3. Organoleptic test conducted by consumer showed fair 

acceptability of the product 

Protein 

fortified set 

yoghurt 

(Chinese 

Laosuan Nai) 

Polymerized whey 

protein (PWP),  

PWP- 0.4 % w/v 1. PWP was used successfully as a co-thickening agent in all 

the yoghurt samples.  

2. The average acceptability of all the samples was obtained 

from trained panellists 

3. The addition of PWP with Whey protein concentrate 

(WPC), Non-fat dairy milk (NFDM) and Whole milk 

powder (WMP) revealed dense microstructure, higher 

viscosity and lower syneresis  

(Wang et 

al., 2015) 

Symbiotic 

corn-based 

yoghurt 

Polymerized whey 

protein  

Polymerized whey 

protein- 0.3% 

1. The addition of polymerized whey protein and xanthan gum 

affected the structure of the yoghurt 

2. The microstructure of the corn-based yoghurt revealed high 

viscosity and denser structure  

(Wang et 

al., 2017) 

Beverage Whey protein isolate 

(WPI) 

WPI- 4 % w/w 1. Heat set soluble complex of WPI showed decreased 

viscosity.  

2. The heat-treated soluble complex also showed a smaller 

particle diameter than the non-heat-treated soluble complex 

of WPI 

3. WPI and HMP can be used in beverages showing increased 

colloidal stability 

(Wagoner 

& 

Foegeding, 

2017) 
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these large aggregates permeate and form a three-dimensional crosslinking network (Nicolai 

& Chassenieux, 2019). A schematic representation of heat-induced gelation of globular 

proteins is shown in Fig. 2.11. 

As protein solutions are heated, protein molecules start to denature, and aggregates are formed 

due to crosslinking. The protein aggregates are grown in sizes as the heating duration increases, 

eventually forming a gel (Erik van der & Foegeding, 2009; Mezzenga & Fischer, 2013). The 

cross-linking between proteins depends on the type of proteins and external conditions such as 

concentration of proteins, pH, and ionic strength. Moreover, aggregates must have a self-

similar structure on substantial length scales to form a 3D network (Nicolai & Chassenieux, 

2019). A schematic illustration of heat-induced gelation of soy protein isolates leading to the 

formation of self-similar and fractal-like aggregate is shown in Fig. 2.12. During the 

denaturation of proteins, intermolecular forces such as non-covalent bonds (e.g., hydrogen 

bonds and hydrophobic interactions) and disulphide bonds are formed between proteins to form 

cross-linking of protein structures (Fitzsimons et al., 2007). Table 2.15 summarizes previous 

studies on heat induced gelation of quinoa protein isolates. 

 

Fig 2.11: A schematic diagram of heat-induced gelation of globular proteins. T° represents the 

temperature and TD represents the denaturation temperature of proteins (Totosaus et al., 2002).  
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Fig 2.12: Heat-induced gelation of a soy protein isolate solution (Nicolai & Chassenieux, 

2019). 
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weakened at a higher temperature but strengthened during cooling, contributing to the 

formation of protein gel network structures (Phillips et al., 2013; Semenova & Dickinson, 

2010).  

2.8.4.2.Disulfide bonds 

 

Disulfide bonds stabilize the folded structure of the protein (Damodaran, 1996). Disulfide 

bonds are formed between the thiol groups of cysteine residues by process of oxidative folding. 

It links two segments of the protein chain and may form hydrophobic core of the folded protein 

resulting into stabilizing the secondary and tertiary structures (Bulaj, 2005). Disulfide bonds 

act as a defense mechanism against denaturation and proteolytic degradation (Mansfeld et al., 

1997).  

The formation of a single disulfide bond in a protein is a two-step, reversible process that 

involves two thiol/disulfide exchange reactions (Bulaj, 2005; Creighton, 1997). In the first step, 

a nucleophilic protein thiolate attacks a low molecular weight disulfide forming mixed 

disulfide species. In the next step, another nucleophilic attack from a second protein thiolate 

breaks the mixed disulfide. Hence, a protein disulfide bond is formed when a low-molecular-

weight thiol is substituted by a cysteine thiolate. Disulfide bonds in protein gelation can 

facilitate the extension of polypeptide chains, improve molecular entanglements within the 

network structure and prevent relative thermal motions of the polypeptides, thereby stabilizing 

the protein gel network structure (Phillips et al., 2013).  

2.8.4.3.Hydrophobic interactions 

 

Non-polar side chains of amino acids are hydrophobic and play important role in the formation 

of hydrophobic interactions (Matthews, 2001). When side chains with non-polar amino acids 

are dispersed in aqueous solutions, hydrophobic interactions are developed to enable the 

protein to fold into a three-dimensional structure (Bamdad et al., 2012).  

The hydrophobic groups are embedded inside of globular proteins, whereas the hydrophilic 

groups are mainly located on the surface. Due to the structural unfolding and exposure of 

hydrophobic groups during the heating treatment, hydrophobic interactions between non-polar 

segments of surrounding polypeptides are strengthened as the temperature rises, which 

facilitates the formation of the protein gel networks (McClements et al., 2009; Phillips et al., 

2013). 
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2.8.4.4.Electrostatic interactions 

 

Charged amino acid side groups are commonly present in proteins, enabling electrostatic 

interactions. Molecules with the same charge repel each other and opposite charges attract 

together. The attractive force can form and stabilize the gel network (Sheinerman et al., 2000). 

The ionic strength and pH influence the charges of protein molecules. Change in pH of protein 

solution changes the charges of proteins. Protein molecules are positively or negatively charged 

when the pH is below or above the isoelectric point. But once the protein solution reaches its 

isoelectric point, the net charge of the protein is zero (Wang et al., 2009). An increase in 

temperature induced a decrease in electrostatic interactions (Shimada & Cheftel, 1988). The 

folding and unfolding of protein molecules are regulated by electrostatic interactions which 

dictate the arrangement of the gel network and its properties (Semenova & Dickinson, 2010). 

2.8.4.5.Van Der Waals interactions  

 

Van der Waals interactions occur between adjoining non-bonded and uncharged atoms, 

generating forces between permanent dipoles and/or induced dipoles (Phillips et al., 2013; 

Semenova & Dickinson, 2010). The attractive interactions are converted into substantial 

repulsion at very short-range separations (2-3 nm). There is almost no influence in gel 

formation with these interactions even if they are present in atom or molecule (Semenova & 

Dickinson, 2010). Van der Waals interactions might serve as attractive forces supporting 

aggregation to create a gel when polymer molecules are large enough like colloidal particle 

(0.1 nm to 1µm) (Bryant & McClements, 1998). 

2.9.Physicochemical and microstructural characterizations of protein gels 
 

Mechanical properties and microstructural characteristics are two important aspects of protein 

gels. In this thesis, gelation kinetics of QPI dispersions and mechanical properties of QPI gels 

were probed by small and large deformation oscillatory rheological measurements. The 

microstructural characteristics of QPI gels were characterised by confocal laser scanning 

microscopy and small-angle neutron scattering (SANS) and small-angle X-ray scattering 

(SAXS) techniques. 
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2.9.1. Rheology 
 

Rheology is the study of the deformation behaviour of materials under applied forces 

(Robertson et al., 2009; Windhab, 1995). For example, all the liquids or dispersions are 

composed of molecules or particles. When molecules and particles are set in motion, they are 

forced to glide along each another. Internal friction causes flow resistance in the fluids which 

is measured by rheology (Mezger, 2020).  

2.9.1.1.Oscillation rheology 

 

Small amplitude deformation oscillation (SAOS) rheology is a non-destructive method i.e., 

distorting the material structure with a small sinusoidal stress wave and measuring the resultant 

strain wave (Gunasekaran & Ak, 2000). The nature of materials can be determined from the 

phase shift between applied stress and responded strain or vice versa. When the phase 

difference between a stress wave and a strain wave is 0 ° then the material is purely elastic On 

the other hand, if the phase difference is 90 ° then the material is purely viscous (Fig. 2.15a). 

If the phase difference between the strain and stress waves is between 0° and 90° then the 

material is viscoelastic (Fig. 2.15b). Many food gels such as yoghurt and tofu can be considered 

as viscoelastic materials. Table 2.16 refers to the parameters that are frequently used in the 

oscillation rheology.  
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Fig 2.14: Oscillation stress and strain waves for (a) elastic and viscous materials; and (b) 

viscoelastic material (Kulkarni & Shaw, 2015). 
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3.3.4. Rheological measurements 

 

A rotational TA DHR-3 stress-controlled rheometer (TA instruments, USA) equipped with 

parallel plate geometry (diameter 40 mm, gap 1 mm) was employed to perform small and large 

deformation oscillatory rheological characterisation. A stock QPI solution (12.5 wt%) was 

prepared by suspending the QPI powder in D2O under mild stirring at 20 °C for 24 h to enable 

protein hydration and solubilisation. The QPI solutions (10 wt%) with various ionic strength 

were then  prepared by mixing the QPI stock solution, concentrated NaCl or CaCl2 solution (1 

M), and D2O. The mixture was stirred using a magnetic stirrer at 20 °C for another 24 h and 

the pH was regularly checked and adjusted to 7 using 1 M HCl or 1M NaOH.  

 

Aliquots of QPI solution were transferred onto the bottom plate with a plastic dropper. The 

sample was then carefully trimmed, and low viscosity mineral oil (M 5904, Sigma Aldrich, 

USA) was added around the edge of the sample to prevent evaporation. The rheological 

measurements were conducted in the following protocols: (1) A temperature sweep was carried 

out by heating the samples from 25 °C to 85 °C at 1 °C/min, holding at 85 °C for 30 min, and 

cooling down to 25 °C at 1 °C/min. During this step, the frequency and strain amplitude were 

maintained at 1 Hz and 1 %, respectively, to monitor the gel formation; (2) at the end of the 

temperature sweep, a frequency sweep measurement was performed at a constant strain 1 % 

while the frequency was varied from 0.01 to 100 Hz; (3) finally, a strain sweep was performed 

with temperature and frequency maintained at 25 °C and 1 Hz, and the strain varied from 0.1 

% to 10000 %. All measurements were repeated at least twice.  

 

3.3.5. Confocal laser scanning microscopy 

 

QPI solutions at 10 w/w % were prepared similarly to those prepared for rheological 

measurements with a series of NaCl concentrations: 0 mM, 50 mM, 100 mM, and 200 mM; 

and CaCl2 concentrations at 20 mM and 50 mM. Several drops of 1 % Fast Green (Sigma 

Aldrich, USA) were vortex mixed with the prepared solutions for 10 seconds at 20 °C. 100 µL 

of each mixture was transferred into a slide with a cavity, covered with a coverslip and sealed 

with nail polish to prevent water evaporation (Wang et al., 2019). For gel samples, the slides 

were incubated in an oven (Thermofisher, USA) at 85 °C for 30 min. The QPI solutions with 

the corresponding gels were observed using a confocal laser scanning microscope (Leica TCS 







http://www.sasview.org/


61 
 

3.4.Results and Discussions 

 

3.4.1. SDS-PAGE 

 

SDS-PAGE profiles of the QPI under reducing conditions are shown in Fig. 3.1. QPI mainly 

consists of globular and albumin proteins and shows a complex protein band profile. Similar 

protein bands were observed in recent electrophoresis studies on the QPI obtained by alkaline 

extraction methods (Kaspchak, de Oliveira, et al., 2017; Ruiz, Xiao, et al., 2016; Shen et al., 

2021). The intense protein band around 50 kDa was attributed to the 11S globulin (Mäkinen et 

al., 2016; Shen et al., 2021) and other protein bands with molecular weight of ~22-25 kDa and 

~30-38 kDa were assigned to the basic and acidic polypeptide subunits of the 11S globular 

chenopedin, which  are linked by single disulfide bond (Abugoch et al., 2008; Kaspchak, de 

Oliveira, et al., 2017; Shen et al., 2021).  

 

Fig 3.1: SDS-PAGE of quinoa protein under reducing conditions: Lane 1-molecular weight 

marker; Lane 2-quinoa protein isolate.  
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their microstructures are quite similar in the length scale probed by USANS (200 nm-10 µm). 

This implies that the length scale probed by USANS might not be directly relevant to 

differences in viscoelastic response in QPI gels containing different amount of NaCl (0-200 

mM) (Costanzo et al., 2020). As viscoelasticity is a macroscopic and complex property probed 

by rheology, various length scales and structural inhomogeneities could contribute (Ikeda et 

al., 1999); the different rheological properties found in the QPI gels containing 0-200 mM NaCl 

may not be reflected in the length scale probed by USANS (Mehalebi et al., 2008).  

 

The USANS scattering profiles of the QPI gels containing CaCl2 and NaCl demonstrate 

qualitative differences. Instead of showing a single power-law scattering in the low to mid-Q 

region, another Guinier knee was observed in the QPI gels containing CaCl2 (Fig. 3.5F). Using 

a two-level unified fit (Fig. 3.5G), Rg values of ~2.7 µm and 4.0 µm were calculated in QPI 

gels containing 20 and 50 mM CaCl2, respectively (Table 3.2). Assuming those particles are 

spheres, the corresponding radii, R, of 3.5 µm and 5.2 µm can be calculated using R= (5/3Rg
2)0.5 

(Pedersen, 1997). This seems consistent with CLSM observations (Fig. 3.4), where micron-

scale particles could be ascribed to large protein aggregates or blobs. Note that for QPI gel 

containing 50 mM CaCl2, the Guinier region is not fully resolved due to the limit in the lowest-

Q achievable in the current USANS measurement. Therefore, the size obtained is likely to only 

represent a portion of large protein aggregates. Following the Guinier knee, the scattering in 

the mid-Q (2×10-4 <Q (Å-1) <10-3) region demonstrates a steeper power-law decay, with a 

greater exponent of 2.5 compared to 2 found in the control and NaCl gels (Fig. 3.5F). This 

implies that the small protein colloids (Rg ~170 nm, see below) are organised into branched 

and mass fractal structures within the micron scale protein aggregates (Teixeira, 1988). 

Moreover, the arrangement of protein colloidal particles is more compact and denser in the 

CaCl2 gels than that in control and NaCl gels (Schaefer et al., 1984). However, those large 

protein blobs tend to be phase separated as observed in Fig.4, which perhaps accounts for the 

weak gel strength.  

Moving to a higher-Q, a Guinier knee that represents a characteristic particle size of Rg ~170 

nm was observed in all QPI gel samples (Fig. 3.5E, 3.5F, and 3.5G). This particle feature could 

be ascribed to small structural units that constitute the network system as they were also found 

in the scattering curves of all the solution samples and did not show any prominent changes 

upon heating (Fig. S1 and Fig. S2, refer to section 8 Appendices) (Hiroi et al., 2020; Pasquier 

et al., 2019). In the high-Q range (10-3<Q (Å-1)< 0.02), the scattering follows a power-law 
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decay I(Q)~Q-3.4, which implies that those small protein particles have relatively rough surfaces 

(Martin, 1986).  

 

Fig 3.5: USANS profiles (3×10-5< Q (Å-1) <2×10-3) of QPI samples (10 wt% in D2O) with 0 

mM (A), 20 mM (B), 100 mM (C) and 200 mM (D) of NaCl addition before and after heat 

treatment. USANS profiles of QPI gels that formed in the presence of various NaCl (E) and 

CaCl2 (F) concentrations. Solid black lines are the unified fits using equation (1). The power-

low scattering found in different Q regions are also indicated with the corresponding power-

law exponent. (G) USANS profile of QPI gels containing 20 mM CaCl2 and the unified fit to 

the experimental data are solid black lines and individual levels are illustrated as orange and 

blue dashed lines for levels 1 and 2, respectively. The USANS data are not desmeared. 
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Fig 3.6: SAXS (A) and SANS (B) profiles of QPI gels that formed in the presence of various 

concentrations of NaCl and CaCl2. The power-law scattering found in different Q regions are 

also indicated with a power-law exponent. (C) and (D) are the Kratky plots of SAXS and SANS 

profiles of QPI gels. Symbols are the same as in A and B. (E) and (F) are SAXS (E) and SANS 

(F) profiles of QPI gels containing 0 and 200 mM NaCl. Solid black lines are the correlation 
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length model fits using equation (2). In (E) and (F), scattering curves were arbitrary vertically 

shifted to avoid overlap.  

 

3.5.Conclusions 

 

In this study, the thermal induced gelation of QPI, as influenced by the addition of various 

concentrations of NaCl and CaCl2, was studied. Small and large deformation rheology 

demonstrated that the addition of salts could promote a sol-gel transition, with the gelation 

occurring at lower temperatures with increasing salt concentration. All protein gels exhibited 

weak gel characteristics. Greater complex modulus (G*) and breaking stress was achieved in 

the QPI gels with the addition of higher concentration of either salt. Large scale microstructural 

features of the QPI before and after heat treatment were characterised by CLSM and USANS 

while their nanostructures were probed by SAXS and SANS. SAXS and SANS results showed 

that the internal structure of QPI was not changed after heat treatment. However, addition of 

200 mM NaCl and CaCl2 (20 and 50 mM) caused a marked reduction in scattering intensity 

and alteration of scattering features. This could be attributed to protein aggregation and micro-

phase separation. The mismatch between the SAXS and the SANS profiles suggested the 

existence of compact protein inhomogeneities in QPI gels. CLSM showed all QPI gels were 

made of a space-spanning fractal-like network. USANS results implied that the change of QPI 

structure mainly occurred at the micron scale after heat treatment. The gels containing 0-200 

mM NaCl showed a similar mass fractal structure with df =2. For QPI gels containing 20 and 

50 mM CaCl2, large protein agglomerates (Rg=2.5 or 4.0 µm) were identified with a more 

compact and denser structure; however, those large protein blobs tend to be phase separated as 

observed in CLSM, which might account for their weak gel strength. Finally, this work showed 

the gelation behaviour, gel strength, and gel structure of the QPI can be tuned by addition of 

mono- and divalent ions at neutral pH. This works also show that USANS, SANS, and SAXS 

are excellent techniques in probing the hierarchical structure of plant protein gels. Future work 

can be conducted to investigate the effect of salt addition on the characteristics of quinoa 

protein gels obtained by other methods such as enzymatic crosslinking or high hydrostatic 

pressure treatment.  
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4. Impact of incorporations of various polysaccharides on rheological 

and microstructural characteristics of heat-induced quinoa protein 

isolate gels  

 

4.1.Abstract 

 

This study aimed to investigate the properties of heat-induced gels (85 °C for 30 min) of quinoa 

protein isolate (QPI) in the presence and absence of various polysaccharides including guar 

gum (GG), locust bean gum (LBG), and xanthan gum (XG) at pH 7. For this purpose, samples 

with three gum concentrations (0.05, 0.1, and 0.2 wt%) at a fixed QPI concentration (10 wt%) 

and a fixed ionic strength (50 mM NaCl) were studied in terms of their gelation behaviour, 

small and large deformation rheological properties, water holding capabilities, and 

microstructural characteristics. Rheological measurements revealed that all polysaccharides 

incorporation could improve gel strength (complex modulus, G*) and breaking stress, 

accelerate gel formations, and more stiffer gels were obtained at greater polysaccharide 

concentrations. The XG exhibited the most gel strengthening effect followed by LBG and GG. 

Incorporation of 0.2 wt% XG led to a 15 folds increase in G* compared to the control. Confocal 

laser scanning microscopy observation revealed that the polysaccharides also altered gel 

microstructures, with the gels containing XG showing the most compact gel structures. The 

findings of this study may provide useful information for the fabrication of novel QPI based 

food gel products with improved texture.   

 

4.2.Introduction  

 

Animal proteins have been dominated in the Western diet for a long time, as they have a high 

amino acid score, easier digestibility, and greater water solubility for the required nutrition of 

humans (Day et al., 2021). However, meat production has a significant impact on environment 

and contributes to greenhouse gas emission (Niva et al., 2017). Making food production more 

sustainable in order to feed fast growing population, one solution is to increasingly investigate 

and utilize novel plant protein sources and decrease the consumption of animal-based food (Sá 

et al., 2020b). Recently, extensive efforts have been devoted to developing plant protein based 

food such as meat substitutes, infant formulae, and dairy alternatives, and some of them still 

commercially available (Le Roux et al., 2020; Mäkinen et al., 2016; Sethi et al., 2016). Quinoa 

(Chenopodium quinoa) is a pseudocereal and being an important protein and nutritional 

resource for the people from its origin, South America (Dakhili et al., 2019). The total protein 
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content in quinoa seeds varies from 12 to 23% (based on dry weight) depending on variety and 

origin (Dakhili et al., 2019). Quinoa protein isolates (QPI) have a significant amount of all 

essential amino acids, and it is mainly composed of 11S globulins (37%), 2S albumins (35%), 

and small amount of prolamins (0.5-7.0%) (Abugoch et al., 2008; Shen et al., 2021).  

 

Among all these technical functionalities of proteins, gelation is considered as one of the most 

important attributes, as it play important roles in textures of various food products such as 

yoghurt, sausage, meat analogue and tofu-like products. As globular proteins, QPI can form 

gels under heat treatment. Upon heating above the denaturation temperature of the QPI (~ 75 

°C), compact protein structures start to unfold and hydrophobic amino acid groups that were 

buried inside of the proteins are exposed, leading to protein aggregations through hydrophobic 

interactions (Kaspchak, de Oliveira, et al., 2017). When the protein concentration is greater 

than the minimum protein concentration required for the gelation, these protein aggregates can 

further grow to large clusters and finally formed a three dimensional interconnected network 

structure (Chen et al., 2017). Previous studies suggested that the QPI gelation kinetics and the 

resultant gel characteristics such as gel strength are strongly related to extraction procedure, 

temperature, pH, and ionic strength (Kaspchak, de Oliveira, et al., 2017; Ruiz, Opazo-

Navarrete, et al., 2016). For example, a previous study indicated that protein fractions of lower 

molecular weight became more prominent as the extraction pH increased from 8 to 11. Thus, 

only QPI obtained from extractions at pH 8 and pH 9 can from self-supporting gels (Ruiz, 

Opazo-Navarrete, et al., 2016). 

 

Compared to animal and dairy derived proteins, most of plant protein gels exhibited a weak gel 

strength, as they are mostly formed by non-covalent interactions (Sun & Arntfield, 2012). This 

limit their applications in food and pharmaceutical products and thus improvement of gel 

strength is needed. Incorporation of polysaccharides into protein gels is one of most commonly 

used strategies to enhance the protein gel strength and microstructure (Cortez-Trejo et al., 

2021). Depending on the nature of proteins and polysaccharides as well as pH, temperature, 

and ionic strength, interactions between proteins and polysaccharides can be either through 

electrostatic attraction or intermolecular repulsion (Ye, 2008). The latter may lead to 

thermodynamic incompatibility or depletion-flocculation phenomena, resulting in a phase 

separation (Hemar et al., 2001). Both types of interactions have been reported to lead to the 

improvement of gelation properties (Bertrand & Turgeon, 2007; Bryant & McClements, 

2000b). For example, H. Zhao et al. (2020) found that the mechanical properties of Ca2SO4 
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powder. The obtained QPI powder was stored in sealed plastic containers and kept in a 

desiccator avoiding sunlight for further use. The proximate analyses of QPI were conducted at 

the Nutrition Laboratory of Massey University (School of Food and Advanced Technology, 

Palmerston North, New Zealand). The protein, fat, ash, and moisture contents of the QPI 

powder were 91.6 %, 2.9 %, 2.8 %, and 2.7 %, respectively. 

 

4.3.3. Sample preparations  

 

The QPI stock solution (12.5wt%) was prepared by dispersing the QPI powder in Milli-Q water 

containing 0.02 wt% sodium azide under stirring for 24 h to allow the protein hydration and 

solubilisation. To prevent microorganisms growth, sodium azide wad added. Polysaccharides 

stock solution (1.0 wt%) was prepared by dispersing the GG, LBG, or XG powder in Milli -Q 

water containing 0.02 wt% sodium azide under stirring for ~5 h. Polysaccharides stock solution 

was left overnight at 20 °C to enable full hydration. The gum-QPI mixtures were prepared by 

mixing an appropriate amount of QPI stock solution, different polysaccharide stock solution, 

1 M NaCl solution, and Milli-Q water containing 0.02% sodium azide to at total protein 

concentration of 10 wt%. The ionic strength of all samples was fixed at 50 mM NaCl in order 

to promote gelation of QPI-gum composites by diminishing electrostatic repulsions between 

protein molecules (Yang et al., 2022). All dispersions were gently mixed under magnetically 

stirring for 2 h at 20 °C, and the pH was regularly checked and adjusted to 7 using 1 M HCl or 

1 M NaOH.  

 

4.3.4. Confocal Laser Scanning Microscopy (CLSM) 

 

CLSM was used to observe the microstructures of various QPI dispersions and gels. In brief, a 

few drops of 1% fast green dye was added and mixed with QPI dispersions and then vortex 

mixed for 15 seconds at 20 °C. Thereafter, aliquots of each sample were carefully transferred 

into a glass slide with cavity and covered with a glass coverslip. In the case of QPI gels, to 

prevent water evaporation (Wang et al., 2019), nail polish was used to seal the coverslip edges 

before transferring into an oven (Labserve, Australia) pre-set at  85 °C for 30 min. The samples 

were observed at a wavelength of 630 nm under a confocal laser scanning microscope (Leica 

TCS SP5, Leica Microsystems) attached with a 100 × oil immersion objective lens. The Image 

J software (version 1.51k, NIH, USA) was used to process all images.  
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SPSS software (version 21.0, IBM, NY, USA) using the Least Significant Difference (LSD) 

test at the significance level P<0.05. 

4.4.Results and Discussion 

 

4.4.1. Microstructural characteristics revealed by CLSM 

 

Confocal laser scanning microscopy (CLSM) has been commonly employed to characterise the 

microstructural characteristics of protein-polysaccharide mixtures (Cortez-Trejo et al., 2021). 

Confocal micrographs of QPI dispersions containing different polysaccharides including guar 

gum (GG), locust bean gum (LBG), and xanthan gum (XG) at various concentrations before 

(sol) and after (gel) heat treatment are shown in Fig. 4.1. Protein stained with fast green appear 

as green, while the polysaccharides rich zones and voids in between the protein particles 

appeared in dark. For all QPI samples, interconnected protein network structures were formed 

after heat treatment, which resulted in gel characteristics as agreed with previous studies on 

heat induced QPI gels (Kaspchak, de Oliveira, et al., 2017; Ruiz, Opazo-Navarrete, et al., 2016; 

Yang et al., 2022). Incorporation of all the polysaccharides made structures heterogenous by 

forming large protein particles, and these heterogeneities being more prominent in heat treated 

samples. Heat treatment results in protein denaturation, which enhances the exposing of 

hydrophobic groups, thus promoting protein-protein interactions through hydrophobic 

interactions (Sun & Arntfield, 2012). Further, at all polysaccharide concentrations, XG 

additions induced formation of largest protein aggregates and micro-phase separation followed 

by that of LBG and GG. Similar observations have been made in heat-induced WPI gel in the 

presence of XG (Bertrand & Turgeon, 2007), NaCl-induced cold set gels of soy protein isolate 

containing LBG and GG (Brito-Oliveira et al., 2020), and acid induced soy milk gels adding 

with GG, LBG, and XG (Pang et al., 2020). This was attributed to the fact that the mixtures of 

proteins and polysaccharides are incompatible because of their low mixing entropy (Cortez-

Trejo et al., 2021).  

QPI carry a negative charge at pH 7, as the isoelectric point of QPI is ~4.5-5.0 (Shen et al., 

2021). The addition of both neutral (GG and LBG) and anionic polysaccharides (XG) could 

induce various degree of incompatibility (Cortez-Trejo et al., 2021). For examples, rheological 

properties and structural characteristics of soy protein gel at pH ~7 containing GG and LBG 

(0.1-0.3%) were evaluated by Brito-Oliveira, Cavini, Ferreira, Moraes and Pinho (Brito-

Oliveira et al., 2020). The authors also observed that the microstructure became more 

heterogenous with the addition of GG and LBG, while the latter induced more predominant 
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phase separation. The authors explained this by the strong self-association of LBG due to its 

less branched structure (branching ~25%) than GG (branching 50%) as above discussion. 

Likewise, Bertrand and Turgeon (2007) found that the incorporation of XG into WPI gel at pH 

6.0 and 6.5 destroyed the connectivity of the protein network because of incompatibility of 

these polymers at these gelling conditions. It can be seen from Fig. 4.1 that the protein network 

structure became more heterogenous with the increase in polysaccharides concentrations. This 

observation is supported by a number of previous studies (Brito-Oliveira et al., 2020; Pang et 

al., 2020). In addition, it has been suggested that within a certain range, the gel strength 

increased with the increase in the degree of incompatibility or micro-phase separation 

(Bertrand & Turgeon, 2007; TAN et al., 2007). The incorporation of polysaccharides may also 

enhance network via depletion flocculation or steric exclusion mechanisms (Hemar et al., 

2001). Protein-solvent interactions are considerably suppressed by incorporation of 

polysaccharide thus promoting the protein-protein interactions (Tseng & Xiong, 2009).  

It is worth noting that even at pH > pI where QPI carry a negative charge, the electrostatic 

attraction can also occur between anionic gums (like XG) and cationic amino acids located in 

some protein patches of QPI (Cortez-Trejo et al., 2021). While for neutral gums like GG and 

LGB, they can only form hydrogen bonding with proteins. The electrostatic association is likely 

to occur between QPI and XG, and these interactions could give rise to a more compact and 

denser structures and great gel strength particularly at higher concentration of XG (0.2%). A 

similar observation has been found in bigeye snapper surimi containing another anionic 

polysaccharide-gellan gum (Petcharat & Benjakul, 2018). The great gel strength and a higher 

degree of micro-phase separation in QPI-XG gel could be also ascribed to a high molecular 

weight of XG. It has been suggested that the polysaccharide with a high molecular weight or 

longer chain such as XG could occupy much larger hydrodynamic volume, facilitating them to 

interact with other polymers (Yang et al., 2021b). Ozel et al. (2017) found that owing to a 

higher molecular weight, XG generated more compact structures than tragacanth gum in the 

WPI gels at pH 7. In another study working on galactomannan-soy protein gels at pH 7, Sónia 

R. Monteiro et al. (2013) found that the incorporation of the galactomannan with larger 

molecular weight gave rise to more extensive phase separation, lower gelation temperature, 

and greater gel stiffness. The authors explained this by the enhancement of protein-protein 

interactions (via. hydrophobic interactions and hydrogen bonding) and polysaccharide-

polysaccharide interactions (via. molecular entanglement) in each phase.  
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Fig 4.1: Confocal laser scanning micrographs of 10 wt% QPI dispersions and gels in the 

absence and presence of guar gum, locust bean gum, and xanthan gum at 0.05 wt%, 0.1 wt%, 

and 0.2 wt%. The gels were formed by heating at 85 °C for 30 min 
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Fig 4.5: Complex modulus G* (1 Hz) (A), breaking stress (B), and water holding capacity (C) 

of the QPI gels containing guar gum, locust bean gum, and xanthan gum at 0 wt%, 0.05 wt%, 

0.1 wt%, and 0.2 wt%. Different letters above columns indicate a significant difference.  

 

4.4.4. Impact of polysaccharides addition on the WHC 

 

The WHC (%) of QPI gels in the presence and absence of various polysaccharides at different 

concentrations is shown in Fig. 4.5C. Incorporation of GG did not induce changes in WHC, 

while the additions of 0.2wt% LBG and XG (at all concentrations) markedly improved the 

WHC. For example, the WHC increased from ~50 % to ~90 % after adding 0.2 wt% XG to the 
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investigating the impact of other polysaccharides (e.g. kappa and iota-carrageenan and 

alginate) (Ren et al., 2021; Sow et al., 2018), gelatine (Yin et al., 2021), small sugars (e.g. 

sucrose) (D. Yang et al., 2020; Yang et al., 2018), and salts (e.g. NaCl and CaCl2) (Brito-

Oliveira et al., 2020; Zhou & Yang, 2019) on the rheological properties and microstructural 

characteristics of QPI gels. 
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in antioxidants such as polyphenols (Repo-Carrasco-Valencia et al., 2010; Repo-Carrasco-

Valencia & Serna, 2011). It also contains minerals such as iron and calcium in substantial 

amount (Ando et al., 2002). QPI is also considered as gluten free due to a low content of 

prolamin (Thanapornpoonpong et al., 2008; Turkut et al., 2016). Based on our previous study, 

QPI shows excellent gelation properties at 10 wt% in the presence of monovalent salt (NaCl) 

or divalent salt (CaCl2) (Yang et al., 2022).  

Whey protein isolate (WPI) is mostly made up of beta-lactoglobulin, alpha-lactalbumin, and 

bovine serum albumin, and is a by-product of the cheese-making process (Liang et al., 2020; 

Xiao et al., 2021). WPI contains all nine essential amino acids, so it is regarded as a high-

quality protein source (Krissansen, 2007). Because of its excellent gelation, emulsification, 

foaming, thickening, water retention properties, WPI is widely employed as a functional 

ingredient in the food industry (Bryant & McClements, 1998). Heat-induced gelation of WPI 

has been extensively studied and WPI gels are mainly formed by non-covalent interactions 

such as hydrophobic interactions and disulphide bonds through thiol-disulphide exchange 

(Brodkorb et al., 2016; Martin et al., 2014; Nguyen, Balakrishnan, et al., 2016; Nguyen, 

Nicolai, et al., 2016; Nicolai, 2019; Nicolai et al., 2011). At same protein concentrations and 

pH, WPI generally forms a stronger gel than plant proteins such as soy protein (Jose et al., 

2016) and pea protein (Kornet et al., 2021; Wong et al., 2013).  

Previous studies demonstrated that plant protein gels typically have large aggregates and form 

coarse network after heat treatment (Chen et al., 2022; Kristensen et al., 2021; Munialo, van 

der Linden, et al., 2014). However, homogenous fine-stranded networks are formed by nano-

sized aggregates of whey proteins upon heating at low ionic strength and at neutral pH (Wagner 

et al., 2020). In addition, quinoa proteins and WPI may display differences in unfolding and 

aggregation behaviour, leading to different gelation properties. Therefore, it is essential to 

compare the gelation behaviour and microstructural characteristics of heat-induced QPI and 

WPI gels to understand their gelation behaviour from microstructural perspective. These 

differences may enable revealing the structure-texture corelations of these two globular 

proteins and further guide into formations of hybrid gels.  

In this chapter, heat induced gelation of QPI and WPI were studied at three different pHs (pH 

3, pH 5 and pH 7) at various concentrations (3 wt%, 5 wt%, 7 wt% and 10 wt%). The 

mechanical properties of the QPI or WPI gels were investigated using small and large 
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oscillatory deformation rheology. The microstructural characteristics of the gels were probed 

via confocal laser scanning microscopy.  

5.3.Materials and method  

 

5.3.1. Materials 
 

Quinoa seeds (Chenopodium quinoa) were kindly provided from Kiwi Quinoa (Taihape, New 

Zealand). The protein, fat, ash and moisture content of the QPI powder were 91.6%, 4.9%, 

2.8% and 0.7%, respectively based on the dry weight. Whey protein isolate (WPI 895) is kindly 

provided by Fonterra Co-operative Group (Auckland, New Zealand). According to the 

supplier, the protein, fat, ash, carbohydrate and moisture content of WPI powder were 92%, 

0.9%, 1.6%, 0.3% and 5.2%, respectively, based on the dry weight. Sodium chloride (NaCl), 

petroleum ether, sodium azide, HCl, NaOH, 1% fast green and low viscosity mineral oil were 

of analytical grades and obtained from Sigma Aldrich (Auckland, New Zealand). Milli-Q water 

(Millipore, USA) was used in all sample preparations.  

5.3.2. Preparation of quinoa protein isolate (QPI) 
 

Please refer to the Chapter 4, section 3.2.  

 

5.3.3. Sample preparations  
 

Stock solutions of QPI and WPI (12.5 wt%) was prepared by dispersing QPI powder or WPI 

powder in Milli-Q water containing 0.02% sodium azide under gentle stirring for 24 h to enable 

protein hydration. Sodium azide was used as a preservative. The samples were prepared by 

mixing different aliquots of protein stock solutions, 1 M NaCl solution, and Milli-Q water 

containing 0.02% sodium azide. The 100 mM NaCl was added in all the samples to reduce 

electrostatic repulsions between proteins and promote gelation (Bryant & McClements, 2000a). 

Afterwards, samples were adjusted to pH 7, pH 5 and pH 3, respectively using 4M NaOH or 

4M HCl and were gently stirred for 24 h at 20 °C and the pH was regularly checked and 

adjusted using 1M NaOH or 1M HCl if needed. The final protein concentration was 10 wt%. 
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5.3.4. Rheological measurements 
 

To perform small and large deformation oscillatory rheological measurements, a rotational 

DHR-3 stress-controlled rheometer (TA Instruments, USA) with a parallel plate geometry 

(diameter 40 mm, gap 1 mm) was used. Samples were carefully transferred onto the bottom 

plate using a plastic dropper. To prevent the evaporation low viscosity mineral oil (M 5904, 

Sigma Aldrich, USA) was added to the edge of the geometry. The rheological measurements 

were carried out using the following procedure: 1) A temperature sweep was carried out by 

heating the sample from 20 °C to 95 °C at a rate of 1 °C/min, holding at 95 °C for 30 min and 

cooling down to 20 °C at a rate of 1 °C/min at a constant frequency (1 Hz) and strain amplitude 

(1 %); 2) a frequency sweep was measured at a constant strain of 1 % where the frequency was 

varied from 0.01 to 100 Hz; 3) a strain sweep was initiated with a strain varied from 0.1 % to 

10000 % with a constant temperature (20 °C) and frequency (1 Hz). All measurements were 

conducted at least in triplicates.  

5.3.5. Confocal laser scanning microscopy (CLSM) 
 

CLSM was used to observe microstructures of dispersion and gel samples for both QPI and 

WPI. Samples were prepared in the similar way as for rheological measurements. Few drops 

of 1 % Fast Green (Sigma Aldrich, USA) were added in prepared samples and were vortex for 

10 seconds at 20 °C. A sample was added into a cavity of the slide and then covered with a 

coverslip. To avoid any evaporation, nail polish was used to seal the edges of slide. An oven 

(Labserve, Australia) was used at 95 °C for 30 min to gel the samples. The samples were 

observed at a wavelength of 630 nm under a confocal laser scanning microscope (Leica TCS 

SP5, Leica Microsystems) attached with a 100× oil immersion objective lens. To process all 

the images, Image J software (version 1.51k, NIH, USA) was used.  

5.3.6. Statistical analysis 
 

All the measurements were conducted at least twice with triplicate samples and the data was 

represented as the mean ± standard deviation. Analysis of variance (ANOVA) was conducted 

with MINITAB software (version 19.2020.1, PA, USA) using the Least Significant Difference 

(LSD) test at the significance level P<0.05. 

 























109 
 

spherical aggregates were formed. The formation of spherical aggregates at pH 5 for WPI was 

found by TEM for 10g/L WPI (85°C for 15 min at pH 5) (Schmitt et al., 2007).  
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Fig 5.4: CLSM images of QPI, and WPI at pH 7, pH 5 and pH 3 before heat treatment (100x 

magnification).  

7% QPI 
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Fig 5.5: CLSM images of QPI, and WPI at pH 7, pH 5 and pH 3 after heat treatment (100x 

magnification). 
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8. Appendices 
 

Journal author rights:  

Chapter 3- Effect of NaCl and CaCl2 concentration on the rheological and structural 

characteristics of thermally induced quinoa protein gels 

 

Supporting data for Chapter 3: 

Table S1 X-ray and neutron scattering length density (SLD) of the different solvents  

Solvents X-ray scattering length 

density (10-6Å-2) 

Neutron scattering length 

density (10-6Å-2) 

D2O 9.429 6.375 
D2O+20 mM NaCl 9.434 6.373 
D2O+50 mM NaCl 9.440 6.370 
D2O+100 mM NaCl 9.452 6.366 
D2O+200 mM NaCl 9.474 6.357 
D2O+20 mM CaCl2 9.438 6.371 
D2O+50 mM CaCl2 9.451 6.366 

 

 

 

 

 

 

 

 

 

 



153 
 

 

Fig. S1. USANS profiles of QPI samples (10 wt% in D2O) with various concentrations of NaCl 
addition before and after heat treatment. The low to mid-Q regions were enlarged in the 
corresponding right panels to better indicate the differences of the QPI before and after heat 
treatment. The cross-over point between the scattering profiles of solution and gel is indicated 
by black vertical lines. 
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Fig. S2 USANS profiles of QPI samples before and after heat treatment at 10 wt% in D2O with 
various 20 mM and 50 mM of CaCl2 addition. The USANS data are not desmeared. 
 

 

 

 

 

 

 

 




