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ABSTRACT 
Plant proteins have gained interest in food industry due to their low cost and sustainability. Subsequently, an 

interest on protein blends between animal and plant proteins increased. However, a partial or complete 

replacement of animal proteins by plant proteins leads to some undesired changes in the perception of food 

products, such as off-flavours. This project focuses on the molecular interactions between whey and pea 

proteins which determine the macroscopic functionality of protein blends. Heat stability and emulsifying and 

gelling capacities were the properties studied by using methods like RP-HPLC, particle size analyses 

(Mastersizer), SDS-PAGE and texture analysis.  

The mixtures of whey and pea protein showed high stability in terms of their emulsifying properties. However, 

the fat content had an impact on the particle size of the emulsions during storage.  

Heat stability studies showed that pH 6.5 (pH close to pI of some of the pea proteins) led to protein 

aggregation and precipitation, while increasing pH to 7.1 or 7.4 increased dispersibility of pea proteins in 

water. It was found that both proteins influenced each other behaviour and that the heating time increased the 

dispersibility of pea proteins in water. The addition of NaCl only increased protein aggregation during heating.  

Finally, GDL-induced cold gelation was studied as well as yoghurt formulation. A homogenization and a pre-

heating step were necessary to prevent pea proteins sedimentation and obtain firmer gels. The yoghurt went 

from a lumpy to a creamy texture when WPI was replaced by pea proteins, but the pea off-flavours were 

perceived. 

 

Keywords: Whey proteins, pea proteins, emulsification, heat stability, acid-induced cold gelation, yoghurt. 
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RESUMO 
O interesse em proteínas vegetais tem aumentado na Indústria Agro-Alimentar, devido ao seu baixo custo e 

sustentabilidade. Consequentemente, houve um aumento no interesse de misturas de proteínas entre 

proteínas animais e vegetais. No entanto, a substituição parcial ou completa de proteínas animais por 

vegetais leva a algumas alterações indesejáveis na percepção dos produtos alimentares, como o 

aparecimento de off-flavours. Este projecto foca-se nas interacções moleculares entre as proteínas do soro 

do leite e de ervilha, que determinam a funcionalidade macroscópica da mistura de proteínas. Estabilidade 

térmica e capacidades de emulsificação e gelificação foram as propriedades estudadas neste projecto, tendo 

para tal sido usados métodos, como RP-HPLC, análise do tamanho das partículas (Mastersizer), SDS-PAGE 

e análise da textura. 

As propriedades emulsificantes da mistura de proteínas do soro de leite e de ervilha mostraram alta 

estabilidade. No entanto, o conteúdo de gordura teve impacto no tamanho das partículas ao longo do tempo 

de armazenamento. 

A estabilidade térmica a pH 6.5 (pH perto do pI de algumas das proteínas de ervilha) levou a agregação 

proteica e precipitação, enquanto que o aumento do pH para 7.1 ou 7.4 aumentou a dispersibilidade das 

proteínas de ervilha em água. Foi descoberto que ambas as proteínas influenciam o comportamento uma da 

outra e que a dispersibilidade das proteínas de ervilha em água aumentou com o aquecimento. A adição de 

NaCl apenas aumentou a agregação das proteínas durante o aquecimento. 

Por último, a gelificação a frio induzida por GDL e a formulação de iogurte foram estudadas. A 

homogeneização e o pré-aquecimento são passos necessários para evitar a sedimentação das proteínas de 

ervilha e obter géis mais firmes. O iogurte apresentou a presença de grumos na presença de WPI que foram 

desaparecendo à medida que as proteínas do soro de leite foram substituídas pelas proteínas de ervilha, 

obtendo-se na presença das últimas uma textura cremosa. Contudo, os off-flavours tornaram-se notórios na 

presença destas mesmas proteínas. 

 

Palavras-chave: Proteínas do soro do leite, proteínas de ervilha, emulsificação, estabilidade térmica, 

gelificação a frio induzida por ácidos, iogurte. 
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1 INTRODUCTION 

1.1 Background 

Proteins play an important role in food processing since they are responsible for changes in structure, 

texture, taste and flavour, which influence the consumer perception of the products. Throughout the 

last years, the preference of the consumers has been changing in consequence of their awareness 

about the nutritional value of food which they consume and the environmental impact of food 

production, and therefore the demand requires sustainable and highly nutritional food products. The 

use of protein blends between animal and plant proteins has been rising since plant proteins are 

sustainable and cost-effective. Nevertheless, they are less functional and, to a certain extent, they are 

less nutritional when compared to animal proteins. [1] [2] [3] [4] 

The next section gives an overview of the characteristics of mixed protein systems and the proteins 

addressed in the present work, milk proteins and pea proteins, focusing on their solubility, water and 

fat holding capacity, denaturation, emulsifying and gelling properties. In the second chapter, the 

materials and methods used in this project are presented followed by the third chapter where the 

results and discussion are shown. The last chapter contains the conclusion of the project and 

recommendations for further work.  

 

1.2 Literature Overview 

1.2.1 Milk Proteins 

Milk is a main constituent of the human diet, not only consumed in its natural form, but also in the form 

of a wide range of dairy products. Water is the major component present in milk, which represents 

87.1% of the content, but lactose (4.6%), fat (4%), proteins (3.3%) and salts (1%) are also part of its 

constitution. Caseins and whey proteins are the main groups of proteins present in milk, which 

represent, respectively, 78.3 and 19% (w/w) of the protein content. [5] [6] [7] 

 

 

 

 

 

 

 

 

Milk serum 
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NPN (urea, AA, peptides) 

water soluble vitamins 

Whey proteins 
0.002-0.004 µm; 

Figure 1.1 – Composition of milk [7] 
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Figure 1.2 – Typical composition (% w/v) of (a) liquid whey and (b) solids (assuming 93.8% water) in liquid whey 
on wet (g/100g liquid whey) basis. Picture from [9]. 

1.2.1.1 Caseins 

According to their primary structures, four different groups of caseins can be distinguished, such as 

αs1-casein (38%), αs2-casein (10%), β-casein (36%) and k-casein (13%). Casein is not a globular 

protein, opposed to whey proteins and it has an isoelectric point of 4.6. [5] [8] [9],  

Caseins are phosphoproteins, and they have a relatively high charge, which is partly caused by the 

phosphate groups. These molecules are present as spherical complex called micelles. Numerous 

models have been proposed to explain the structure of casein micelles. Caseins are highly adapted to 

their biological functions and so the better approach is to consider these proteins as being intrinsically 

unstructured proteins. [10] A concept which seems to be universally accepted is that the k-caseins 

(calcium-insensitive caseins) are responsible for stabilizing and protect micelles from precipitation 

since the other fraction of caseins is calcium-sensitive. [8] [11] 

 

1.2.1.2 Whey Proteins 

Most whey proteins, also called serum proteins, typically have a globular conformation and are 

present in a dissolved form in the milk serum (milk from which casein and fat have been removed). 

This dairy stream can be made from any type of milk, with cow milk being the most popular in western 

countries and the one used in the present work. [12] Whey contains about 93% of the water in milk 

and 50% of the total solids of milk (Figure 1.2). Through the last years, the interest in whey-based 

products has been increased by the food industry as whey represents an excellent source of proteins, 

lactose, vitamins, and minerals as well as enzymes, hormones, and growth factors. These products 

have a good nutritional value since they provide quality proteins for good health and are also a good 

source of essential amino acids. [9] 

 

 

 

 

 

 

The major proteins in whey are b-lactoglobulin (b-Lg), a-lactalbumin (a-la), although bovine serum 

albumin (BSA) and immunoglobulin (Ig) are also part of these group of proteins. Below (Figure 1.3), it 

is showed the SDS-PAGE profile from the whey protein isolate where it is possible to see the two 

major proteins (b-Lg and a-la). 
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b-lactoglobulin 

b-lactoglobulin is a typical globular protein. It is the major whey protein secreted in the milk of 

ruminants like the cow or sheep, representing approximately 50% of the total whey protein. It belongs 

to the lipocalin family, therefore having a well-conserved tertiary structure comprising an antiparallel b-

barrel (Figure 1.4). Each b-sheet has one hydrophobic side and other hydrophilic. When the two 

hydrophobic sides face each other, a hydrophobic cavity is created. The particular structure of b-Lg, a 

calyx with hydrophobic character, confers functional properties with big relevance to the food industry, 

as emulsifying, foaming and gelling capacities. [13] [14]  

 

 

 

 

b-Lg contains 162 amino acids per monomer, one free sulfhydryl group, two intramolecular disulphide 

bonds and an isoelectric point of 5.2. Mostly, the monomers have a molecular weight between 18 and 

20 kDa. There are twelve known genetic variants of bovine b-Lg, being the most abundant ones b-Lg-

A and b-Lg-B, which differ by two amino acid substitutions, Asp64Gly and Val118Ala. [10] [14] [15] [16] 

The quaternary structure of the protein varies among monomers, dimers or oligomers depending on 

the pH, temperature, and ionic strength, with the dimer being the prevalent form under physiological 

conditions (pH 6 to 8). At pH 3 the protein exists in a stable monomer, forming an octamer association 

from pH 3.7 to 5.2 and between pH 9 and 12.5 the alkaline denaturation occurs, which leads to the 

disruption of the native dimeric structure. [13] [14] [16] 

Figure 1.4 – Structure of b-lactoglobulin. [15] 
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Figure 1.3 - SDS-PAGE profile, in reducing conditions, from whey proteins. Profile obtained during this project at 
NIZO. 
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A b-Lg is a thermosensitive protein, unfolding, and subsequently aggregating when exposed to 

temperatures above 72.8ºC, which is it denaturation temperature. [13] [17] 

 

a-lactalbumin 

a-lactalbumin (a-la) is a globular protein, produced in the mammary gland and is responsible for the 

regulation of lactose biosynthesis. Two variants of a-la were found (A and B) but only the B variant 

was found in bovine milk. This variant contains 123 amino acid residues, a molecular weight around 

14 kDa and it has four disulphide bonds, which stabilize the structure. In the molecular structure, it is 

possible to distinguish 3 a-helices, 2 a-helical strands and 3-stranded anti-parallel b-sheet. There are 

eight cysteine residues in the disulphide bonds and three aspartic acid residues which stabilize the 

calcium binding loop. This protein has high affinity for calcium and other metallic ions, like zinc, 

magnesium, and aluminium. [13] [16] 

Moreover, as b-Lg, a-la is also pH sensitive tending to form associations when below its isoelectric 

point (4.2-4.5). At pH lower than 4, the disulphide bonds are broken and the calcium is lost, resulting in 

a partially denatured molten globular structure due to the protein unfolding. At the natural pH of milk 

(6.6) and higher, it is present as a monomer with its tertiary structure. [13] [16] [18] 

Regarding the temperature effects, the denaturation of a-la is reversible at 20 – 110 ºC but prolonged 

heating (10 to 30 min) leads to irreversible denaturation and aggregation. A denaturation temperature 

of 65.2 ºC has been reported for this protein. [17] 

 

1.2.2 Vegetable Proteins 

There has been a growing interest in the food industry towards using plant proteins as substitutes for 

animal-based proteins in new product formulations and, thus, reduce the strain that intensive animal 

husbandry poses to the environment. Plant proteins are of particular interest because of their low 

carbon footprint, low cost and, their availability and no danger of animal-related diseases. Regarding 

the nutritional value, they are a good source of protein but their nutritional value based on the amino 

acid sequence is still deficient in amino acids containing sulfur when compared to animal proteins, 

which are much more complete (amino acid composition of some proteins is described in Table 1.1). 

Plant-based proteins supply can also lead to a much more efficient food production, contributing to a 

more sustainable future as the world population and the food demand have been increasing. Among 

plants, legume seeds such as soybean (Glycine max), beans (Phaseolus spp.), peas (Pisum sativum), 

lupins (Lupinus spp.) and lentils (Lens culinaris) represent rich sources of proteins, carbohydrates, 

several water-soluble vitamins, and minerals. [3] [19] [20] [21] [22] 
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Table 1.1 – Amino acid composition (mg/g protein) of soy and pea proteins and amino acid requirements (mg/g 
protein requirement) for the different population groups. FAO divides the population in three groups; Infants (birth 
to 6 months), child (6 months to 3 year) and adult (older child, adolescent and adult). EAA (in green): Essential 
amino acid; HAA (underlined in blue): Hydrophobic amino acid. [7] [23] 

Amino acid Soy Pea Infant Child Adult 
Isoleucine 49 44 55 32 30 
Leucine 82 85 96 66 61 
Lysine 63 77 69 57 48 

Threonine 67 38 44 31 25 
Valine 50 49 55 43 40 

Tryptophan 14 8.0 17 8.5 6.6 
Methionine + Cysteine 26 (13+13) 15 (7+8) 33 94 44 

Phenylalanine + Tyrosine 90 (52+38) 95 (58+37) 94 52 41 
Histidine 26 25 21 20 16 

Aspartic acid 116 120 - - - 
Serine 52 53 - - - 

Glutamic acid 191 185 - - - 
Glycine 42 41 - - - 
Alanine 43 40 - - - 
Proline 51 41 - - - 

Arginine 76 82 - - - 

 

Protein concentrates and isolates used in food systems are mostly derived from dairy, soy, and wheat. 

However, because of dietary restrictions and preferences, such as food allergies, food intolerance 

(such as celiac disease), vegetarianism and Halal, alternative protein sources, such as pulses (peas, 

chickpeas, lentils, lupines, and beans), are being explored. Energy, dietary fibre, protein, minerals and 

vitamins, which are required for human health can be provided by pulses. Therefore, it is suggested in 

some recent research studies that consumption of pulses may have potential health benefits, including 

reduced risk of cardiovascular diseases, cancer, diabetes, osteoporosis, hypertension, gastrointestinal 

disorders, adrenal disease and reduction of LDL cholesterol. From the nutritional perspective, pulses 

are interesting since they contain high amounts of protein (18–32%). However, the off-flavours and 

colour that these proteins can confer to the final products as well as the presence of anti-nutritional 

components are the biggest barriers to their consumption and limit the expansion of pulse ingredients 

into mainstream food applications. Some of the anti-nutritional factors can be removed by heat 

treatment, such as by the inactivation of protease inhibitors and separation of the oligosaccharides. 

On the other hand, the heat treatment may result in a lower solubility of proteins and loss of their 

functionality. [3] [24] [25] [26] 

 

1.2.2.1 Pea Proteins 

Pea is one of the most commonly grown food legumes in the world, and its production has been 

increasing through the years (Figure 1.5). Asia is the continent where more pea is produced, with 

China and India being the major producers in the world, together responsible for 83.7% of the world 

pea production in 2014. One of the reasons why pea is more commonly used, instead of other pulses 

for commercial fraction of proteins, is that it can be grown extensively all over the world and the hull is 



Protein Blends: Plant and Animal proteins 

|  
 

6 

easily removed. Peas contain high levels of protein (20-30%) and carbohydrates, relatively high 

concentrations of insoluble dietary fibre and low concentrations of fat. Three forms of pea protein 

ingredients are produced commercially: pea flour, pea protein concentrate and pea isolate. [22] [27] 

Globulins are the most abundant proteins in pea, with about 65 to 70% of the protein content, followed 

by albumins with 22% of the total protein and glutenins representing only 4%. There are three globular 

proteins in pea seeds – convicilin, legumin and vicilin – being the last two the most abundant ones. [3] 

 

 

Figure 1.5 - Production/Yield quantities of Peas, green in world. In red is represented the world production and in 
blue the world area harvested. Source: FAOSTAT (1 July 2017) [27] 

Below it is the SDS-PAGE profile of the pea proteins present in the pea protein isolate (Figure 1.6). 

 

 

 

 

 

 

 

 

 

Legumin 

Pea legumin is a hexameric protein consisting of an acidic and alkaline polypeptide of ~40 and ~20 

kDa, respectively, that are linked covalently through a disulphide bond. It has a molecular weight of 60 

kDa and its isoelectric point is 4.8. Legumin is recognised for its sulphur containing amino acid 

Figure 1.6 - SDS-PAGE profile, in reducing conditions, from pea protein isolate. Source: NIZO property [7]. 
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residues: cysteine and methionine. However, pea legumin is present in several isoforms which differ in 

the cysteine and methionine content. Thus, some papers report two cysteines and three methionines 

while others report seven and four, respectively. [3] [28] [29] [30] 

 

Vicilin 

Pea vicilin is a heterogenic trimer protein containing subunits with 50 kDa in molecular weight. Vicilin 

contains a high content of aspartic acid and serine. Its isoelectric point is 5.5. As specified by the 

coding sequence of the vicilin genes, this protein can be cleaved at one or two sites (the α-β and the 

β-γ processing site). Cleavage at both sites produces fragments of 19, 13.5 and 16 or 12.5 kDa. 

Proteolysis is believed to occur when the potential cleavage site is located in a polar region, at an 

acidic or amide residue. The small fragments of vicilin are only visible under reducing conditions, such 

as SDS. [28] [29] [31] The heterogeneity associated to vicilin is related to the small fragments of this 

protein, as well as, to glycosylation that may happen and heterogeneous surface charge around the 

potential site of cleavage [28]. 

 

Convicilin 

Convicilin is a globular protein with 70 kDa and its oligomeric form is a trimer. Although it shows a high 

homology with vicilin, can be distinguished by the presence of a highly charged hydrophilic N-terminal 

extension region consisting of 122 or 166 residues. Another characteristic which distinguishes both 

proteins is that convicilin lacks the polar regions that code for vicilin’s post-translational processing 

sites. Convicilin has only one cysteine residue. [28]  

 

Albumin 

Two major albumin proteins have been identified in pea. The major albumin protein contains two 

polypeptides with a molecular weight around 25 kDa, whereas the minor albumin protein contains 

polypeptides with 6 kDa. Albumins are water soluble and comprise enzymatic proteins, protease 

inhibitors, amylase inhibitors and lectins. The most abundant amino acids in the albumin fraction are 

aspartic and glutamic acids, lysine, arginine and methionine. This fraction is not present in all 

commercial PPI. [20] [25] [32] Comparing to globulins, albumins are richer in sulphur-amino acids and 

other essential amino acids (such as lysine). [22] [33] 

 

1.2.2.2 Off-Flavours in Pea 

The primary barrier to consumption and limit to the expansion of pulse ingredients into mainstream 

food applications is, as previously mentioned, the off-flavours associated to vegetable proteins. Off-

flavour is described as the perception of unpleasant taste, aroma and other effects, such as 

astringency. Astringency is caused by the loss of saliva in the mouth leading to a dry, rough and 
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wrinkling mouthfeel. It is important to keep in mind the definition of these different characteristics - 

flavour, aroma and taste. Taste is characterized by the detection of non-volatile compounds via 

receptors on the tongue and in the oral cavity. There are five basic tastes – sweet, bitter, sour, salty 

and savoury. Unlike taste, aroma is caused by volatile compounds that are detected by nasal 

receptors. Flavour is a combination of the two previously described, taste and aroma. However, other 

effects can affect the flavour perception, such as astringent, metallic, spicy, fatty as well as the texture 

of the product. [34] [35] [36] 

The off-favours in pea are mainly caused by volatile compounds, which are partly inherent to peas 

themselves and partly developed during harvesting, processing and storage. 3-alkyl-2-

methoxypyrazines despite being present in very low concentrations were found to be the main 

compounds leading to the green pea aroma in peas due to their low threshold values. Besides the 

pyrazine compounds, it has been reported that volatile organic compounds like alcohols (which are the 

dominant volatile compounds present in peas after harvesting, processing, and storage), aldehydes 

and ketones (present in low amount but with strong aromas) have big impact on pea off-flavour. These 

three different groups of components have different threshold values, which will influence the final 

flavour. The hay-like, beany, green, grassy and leafy flavours perceived in frozen peas were described 

to be caused by aldehydes. Sulphur-containing compounds and aliphatic and aromatic hydrocarbons 

also contribute to off-flavours of peas. [37] [38] [39] [40] [41] [42] 

It has been reported that the protein purity affects off-flavour retention, as well as the presence of 

lipids and carbohydrates, which help on retention of volatile compounds. Saponin contents in pea are 

perceived as astringent, metallic and bitter. Therefore, it is essential to minimize the coextraction of 

the saponins when purifying proteins from peas. [43] [44] 

 

Table 1.2 – Overview of the main off-flavours (most frequently are mentioned in bold) and associated compound 
families causing off-flavour in peas [26] 

 

Off-Flavours Peas Compound 
Volatile Green 

Beany 
Pea 
Earthy 
Hay-like 
Leafy 
Metallic 
Brothy 
Acrid 
Pungent 
Fatty 

Aldehydes 
Ketones 
Alcohols 
Pyrazine 
Others 

Non-volatile Bitter 
Astringent 
Metallic 

Isoflavones 
Saponins 
Phenolic acids 
Peptides/amino acids 
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1.2.3 Functional Properties 
During the production of commercial food, the proteins may be exposed to a wide range of processing 

steps, such as thermal treatment (pasteurization or sterilization), shear (pumping, mixing 

homogenization), among others, which will affect the final characteristics of the final product. These 

processes can modify the functional properties of the protein as well as changes in sulfhydryl 

interactions, modification of secondary and quaternary structure and shifts in the hydrophilic/lipophilic 

balance. Functional properties are the physical and chemical properties that affect the behaviour of 

proteins during the food preparation, processing, storage and consumption which contribute to the 

quality and sensory attributes of food products. Major functionalities of food proteins include solubility, 

emulsification, gelation and foaming, water and fat binding and heat stability. [14] [15] [25] 

Physical functional properties of plant proteins have not been studied as extensively as those from 

dairy origin. One reason for this is that research on plant proteins is complicated by the fact that they 

are present almost always as mixtures of proteins and by the lack of solubility of these ingredients. [22] 

 

1.2.3.1 Solubility 

Among the functional properties of proteins, solubility is of primary importance due to its significant 

influence on the other functional properties of proteins. [45] The three main factors determining the 

solubility of a protein are electrostatic and hydrophobic intermolecular interactions, and molar mass. [5] 

The pH of the medium affects the electrostatic interactions of the protein, therefore, affecting its 

solubility. In general, protein solubility is higher in extreme conditions (acid or alkaline) because of the 

excess of charges of the same sign, producing repulsion among the molecules and decreases as the 

isoelectric point (pI) is approaching. At the pI, protein-protein interaction increases because the 

electrostatic forces of the molecules are at a minimum and less water interacts with the protein 

molecules. This is a favourable condition for the molecules to approach each other and aggregate, 

which, can lead to precipitation. [16] [45]  

Concerning the pea proteins, they exist in different forms according to pH. At pH 7, legumin is present 

as a hexamer, which leads to a decrease in solubility since it is its less soluble form. The solubility 

increases as the pH goes below pH 3 or above pH 10 due to the dissociation of hexamers into 

monomers. This dissociation is slower at basic pH. [30] [45] [46] 

The temperature is also a factor which influences the protein solubility since it leads to the 

denaturation of proteins. Denaturation of a globular protein, like whey proteins, causes many 

hydrophobic side groups to become exposed, and it often leads to precipitation due to the 

intermolecular hydrophobic bonds that the proteins tend to form. The solubility thus depends on the 

amino acid composition of the protein as well as its conformation. Sugars, such as lactose, are known 

to protect the protein against loss of solubility during heat treatment and increase the thermal 

denaturation temperature of whey proteins. [5] [14] [45] 
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Several environmental conditions affect the solubility of whey proteins: pH, solute concentration, ionic 

strength, shear stress and, mainly, heat treatment. Knowledge of how these parameters affect the 

proteins is critical in the isolation and processing of whey proteins while avoiding denaturation. There 

is quite some literature about the solubility of these proteins, but they are not a problem since whey 

proteins are known for having good solubility in applications at a wide range of pH. Conversely, 

commercial pea proteins show a low solubility. The discrepancy in solubility between whey and pea 

proteins is shown in Figure 1.7. [16] [47] 

 

 

 

 

 

 

 

 

 

1.2.3.2 Denaturation/Heat Stability 

Food products usually have to pass through a thermal treatment before being ready to consume. This 

procedure should be made to provide microbial destruction, shelf-life extension or to achieve the 

desired functionality in the final product. Therefore, heat-induced interactions and the protein stability 

when exposed to heat are of extreme importance in the food industries. [15] 

Whereas caseins are very heat stable, whey proteins as globular proteins can be subject to 

denaturation. Globular proteins exhibit unfolding of their peptide chains at a high temperature, above 

70ºC (denaturation temperature characteristic from whey proteins), although marked variation in the 

temperature needed is observed among proteins. If the peptide chain unfolds, its conformational 

entropy significantly increases, and several groups, especially hydrophobic ones which are usually 

buried inside of the protein structure, become exposed. The reactions occurring in or between side 

groups in the peptide chain at the prevailing temperature may then prevent refolding of the peptide 

chain into its original. In other words, the protein remains denatured. Thus, most proteins lose their 

biological activity (as an enzyme or as an antibody). Normally, they also become less soluble. 

Otherwise, denaturation is reversible: the changes may be insignificant and the nutritive value rarely 

compromised. [5] 

The denaturation kinetics of whey proteins, in particular of b-lactoglobulin has been studied in some 

detail. For b-Lg and a-la, respectively, thermal transitions involving loss of globular structure and 

Figure 1.7 - Protein solubility (%) of commercial pea proteins and WPI. Source: NIZO property [7]. 
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unfolding of secondary structure begin at 73 ºC and 66 ºC. In b-Lg, at high temperatures, the free thiol 

group and hydrophobic residues become exposed, leading to the possibility of a variety of covalent 

and hydrophobic intermolecular associations. The free thiol group reacts with one of the –S-S- groups, 

often from another molecule, whereby both molecules become bonded, forming a dimer. Trimers and 

tetramers, etc., can equally be formed. Depending on prevalent conditions, ionic composition and 

temperature and mainly pH, the aggregates remain small and soluble or result in large insoluble 

particles: at higher concentrations, a gel may be formed. In a-lactalbumin the process seems to be 

similar, although it lacks free thiol groups, which implies that either the reaction scheme is different or 

that a free thiol group of another protein (b-lactoglobulin, BSA or some immunoglobulin) is involved. [5] 

[16] 

Relative to milk, and not only whey proteins, is a more complex system with numerous protein species 

that could potentially interact on heating. Most of the early studies examining the heat-induced 

interactions between denatured whey proteins and casein micelles were in model systems. Regarding 

the free thiol groups and/or disulphide bonds that are present on the major of milk proteins, there are 

numerous potential thiol-disulphide interaction pathways, as well as non-covalent interactions, and 

therefore the separation and analysis of the reaction products can be a difficult process. However, the 

studies on these interactions suggest that, despite the complexity of the system, the reactions 

between b-Lg and k-CN may be similar to those occurring in the model system. In contrast to k-CN, 

as2-CN does not readily interact with denatured whey proteins, maybe due to the location of these 

proteins in the interior of the casein micelles, which makes it less accessible for interaction, whereas 

k-CN is located at the casein surface. The degree of interaction of the denatured whey proteins with 

casein micelles is dependent on many variables including the time, temperature and rate of heating, 

the individual protein concentrations, the milk pH and the concentration of the milk salts. Electron 

microscopic studies showed that, when milk was heated at high temperatures (90–140°C) for long 

times (30 min) at pH below 6.7, the denatured whey proteins complexes onto the micelle surfaces as 

filamentous appendages. However, when the milk was heated at higher pH, the denatured whey 

proteins were found in the serum phase as aggregated complexes. It was found that the k-CN 

dissociates from the casein micelles when exposed to a heat treatment and this phenomenon is 

dependent on the pH at heating. At pH below 6.8, little dissociation of micellar k–CN occurred 

whereas, at higher pH, high levels of k-CN dissociated from the micelles, with the level increasing 

proportionally with increased pH. [14] 

Regarding pea proteins, it is known that the thermal transition point of legumin is above 90ºC, whereas 

the denaturation temperature of vicilin varies between 71.7 and 82.7ºC, depending on low or high ionic 

strength, respectively. Among the factors that can affect the thermal stability of plant proteins, the 

amount of water associated with the protein is one of the most important factors. It was reported that 

thermal treatments reduce the solubility of pea isolates. [48] Knowledge on heat stability of pea 

proteins is lacking. [48] [49] 
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1.2.3.3 Water and Fat Holding Capacity 

Water-holding capacity (WHC) and fat or oil holding capacity (FHC) are defined as the amount of 

water or oil that can be absorbed per gram of protein material, respectively. Conventional food 

products can comprise more than 50% water, so poor WHC can further cause liquid loss during 

processing and unfavourably alteration in the texture of products. The association between water and 

protein is affected by the protein matrix structure, especially pore size. The amino acid composition of 

a protein is another determinant factor of WHC. Water molecules exhibit great electrostatic attraction 

toward highly charged proteins. Likewise, WHC is the lowest at the isoelectric pH of proteins since the 

protein–protein interactions are at their greatest. WHC also increases at low salt concentrations due to 

salt ions binding water to proteins. The water holding capacity of pea protein isolate was reported to 

be around 4.0 g water/g pea protein isolate. This property can change with the amount of hydrophilic 

groups exposed, i.e., an increase in WHC is observed if more hydrophilic groups are exposed. 

Besides the fact that denaturation of whey proteins leads to the exposure of hydrophobic groups, the 

observations concerning the effect of protein denaturation in their water holding capacity are not 

consensual; Some authors reported that denaturation reduced the amount of bound water by about 

8%, while others observed a slight increase in water binding (~10%) with proteins denaturation. [50] 

[51] [52] 

Lipids and proteins interact through the binding of the aliphatic chains of lipid to the nonpolar side 

chains of amino acids; therefore, proteins with higher hydrophobicity tend to have greater propensity 

to hold oils. FHC values can be influenced by the matrix structure of a protein, the type of lipid present, 

and the distribution and stability of lipids. The reported FHC values for pulse isolates are quite 

variable, and relate to, among other factors, the type and variety of pulse and the processing 

conditions used to prepare the isolate. The fat-binding capacity reported for pea proteins goes from 

1.20 g/g to 5.3 g/g, from a pea protein isolate prepared by alkaline extraction followed by isoelectric 

precipitation and from pea green, respectively. [50] 

 

1.2.3.4 Emulsification 

Emulsions are dispersed oil-water systems, that represent a major proportion of processed food 

formulations. This type of products must be achieved through some mechanical force, like 

homogenization. Furthermore, once achieved, the emulsion is not thermodynamically stable for a 

significant amount of time, unless emulsifiers are used. Proteins are surface-active molecules and 

possess good emulsifying capacity and stability due to the presence of both hydrophobic and 

hydrophilic amino acids. The surface-active nature is also related to the interfacial film forming 

capacity of the proteins. When protein molecules are present in the oil–water emulsions, they 

preferentially migrate to the oil–water interface and realign themselves so that the hydrophobic groups 

penetrate the oil droplets while the hydrophilic groups extend into the aqueous phase (Figure 1.8). The 

presence of protein in the oil-water interface greatly reduces the interfacial tension in emulsions and 

acts like an electrostatic, structural and mechanical energy barrier. Therefore, modification of protein 
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structure by denaturation alters the emulsifying properties. A partial denaturation of protein increases 

the emulsifying capacity by exposing more hydrophobic groups and thus more surface can interact 

with the oil droplets. However, an excessive denaturation has shown to reduce these properties. [53] 

 

Figure 1.8 - Schematic diagram showing the behaviour of protein in an oil-in-water emulsion. (a) Migration of 
protein to the water-oil interface. (b) Reorganization on the interface with the hydrophobic groups turned to the oil 
droplet side (c) Formation of viscoelastic film. [53] 

 

Milk proteins are often used as emulsifiers, to help making oil-in-water emulsions and to stabilize them 

against physical changes. This functional property of milk proteins is exploited in the manufacture of 

dairy and other products, such as cream, butter, yoghurt, ice cream, mayonnaise, among others. 

During the emulsification process, both caseins and whey proteins adsorb rapidly at oil-water 

interface, protecting the oil droplets against various physicochemical processes of instability. Caseins 

form extended adsorbed layers up to about 10 nm thick. In contrast, globular whey proteins such as β-

Lg partially unfold, resulting in compact adsorbed layers that are only about 2 nm thick. [9] [16] 

Related to plant proteins it was reported similar effects to soy and pea proteins. The vicilin/legumin 

ratio was found to influence the efficiency of pea protein isolates as emulsifying agents. Vicilin was 

found to be more surface active and lead to better emulsifying properties compared with legumin. 

Notwithstanding, the ability of plant proteins to stabilize emulsions is highly influenced by the pH, ionic 

strength, variation in processing pre-treatment of the proteins and thermal processing of emulsion-

based foods. [22] [50] 

In general, plant proteins form a relatively thicker interfacial layer at oil/water interfaces, compared 

with dairy proteins, due to their much larger molecular size and structural constraint by disulphide 

crosslinks. The weak protein interactions once they are adsorbed at interfaces and the thickness of 

protein films, at least in part, contribute to the superior stability of emulsions stabilized by some of the 

plant proteins compared with dairy proteins. For the same reasons droplet coalescence upon heating 

and/or in the presence of salt is reduced in the presence of vegetable proteins. The structure of plant 

proteins and lack of structural unfolding of these proteins upon adsorption to interfaces may also 

present a potential opportunity for them to form protein particulates at interfaces, and thus provide 

better emulsion stability similar to those emulsions stabilized by nano- or microparticles. A study 

concluded that the emulsifying properties of the pea proteins were related to their solubility, surface 

hydrophobicity, ability to absorb to the oil-water interface, and the strength of the interfacial films 

formed. [22] [50] 

(a) (b) (c) 
oil 
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1.2.3.5 Gelation 

Protein gelation is used in many industrial applications. In food products, such as sausages, custards, 

cheese, yogurt, tofu, and egg-products, it is important to obtain desirable sensory and textural 

properties [18]. Gels are three-dimensional, self-supporting networks entrapping within their 

scaffolding the aqueous solution and/or dispersed elements. Gel properties are dependent on the 

balance between protein-protein and protein-solvent interactions in the system. Protein-protein 

interactions form the network, whereas protein-solvent interactions allow the aqueous phase to be 

retained in the system. An excess of protein-protein interactions results in the collapse of the network 

and the exudation of the aqueous phase – syneresis. In the other hand, if the protein-solvent 

interactions are in excess, a soft gel is created or, even, no gel is formed. It is known that factors such 

as protein concentration, heating temperature, heating time, pH, salt concentration affect gel strength 

by acting on the protein-protein and protein-solvent interactions. The mechanism of gelation is divided 

into two phases: the formation of primary aggregates from denatured proteins, which are unfolded and 

then re-associate via hydrogen and disulphide bonding; further aggregation occurs (secondary 

aggregation) until a gel matrix is obtained. Protein gelation can happen through different mechanisms, 

such as heat-induced, cold-set gelation or fermentation by using acid lactic bacteria. [9] [16] 

Heat-induced gelation is the most commonly studied phenomenon in food science, and responsible for 

the structure present in many everyday foods. This type of gelation is triggered by unfolding of 

compact three-dimensional molecular structures of native globular proteins, leading to the exposure of 

interior nonpolar regions and sulfhydryl groups. These groups are involved in the intermolecular 

crosslink formation, promoting the aggregation that will then re-arrange in a continuous network. It is 

important to notice that in the heat-induced gelation unfolding, aggregation and gelation are 

intertwined (Figure 1.9). Whey proteins have excellent gelling characteristics, particularly above pH 

7.0. Heating β-Lg above pH 6.5 causes formation of gels that become clearer as pH is increased. 

Above pH 8, the tendency to gelation is even higher due to some disulphide cross-linking and matrix 

formation via thiol-disulphide interchange. Whey proteins can form clear or opaque gels depending, 

e.g., on the salt concentration. Regarding plant proteins, some studies were performed regarding the 

heat-induced gelation in pea proteins. [18] [28] [54] In general, pea protein isolates have been reported 

to form weaker and less-elastic gels compared to its big competitor, soy protein isolate, when 

processed under the same conditions. The gelation behaviours of legumin and vicilin are quite 

different and result in different gel properties such as gel fracture behaviour, firmness and/or elasticity. 

Gelation of vicilin involves mainly hydrophobic interactions with no covalent disulphide bonds and 

involves hydrogen bonding, whereas gelation of legumin involves disulphide crosslinks. [22] [30] 
Variation of the pH during the gel formation of pea proteins at a fixed protein concentration was 

reported to result in changes in the size of protein aggregates and structural changes in the network. It 

was also reported that the denaturation temperature of pea proteins increased with increasing legumin 

content, which can be related with the fact that legumin does not gelify, as some authors reported. [28] 

[50]  
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Some of the most detailed studies on the relationship between the functional performance of milk and 

the heat treatment conditions or whey protein denaturation levels have been reported for acid gel or 

yoghurt systems, which will be the types of gelation study in the present work. [14] However, the 

knowledge in this type of gelation regarding plant proteins is lacking, being one of the reasons why it 

was studied in the present project. Gelation is induced by lowering the pH of the milk. In dairy practice, 

this is the result of the conversion of lactose into lactic acid by lactic acid bacteria. For model 

experiments, it is much easier to mimic this process by the addition of an ester, in this case Glucono-

δ-lactone (GDL), that hydrolyses to a weak acid, gluconic acid. This procedure is a common practice 

in dairy research but also applied to certain products. [55] In the literature this process is known as 

cold gelation. This kind of gelation occurs in two steps, opposite to heat-induced gelation, being the 

activation step of the proteins uncoupled from the subsequent steps in the gelation process (Figure 

1.9). In the first step of the cold gelation process, a stable dispersion of protein aggregates is obtained 

after heating of a solution of native proteins at a pH far from the pI, at low ionic strength (no salts 

added) and at such a protein concentration that no gel is formed. After cooling, a stable dispersion of 

aggregates is obtained. In the second step, gelation can be induced at ambient temperature by 

changing the solvent quality, for example by adding salt or by lowering the pH. These gels have 

different rheological and structural properties from the gels produced by bacterial cultures. [14] Other 

visible difference is the rate of acidification: GDL is rapidly hydrolysed to gluconic acid (especially at 

high temperatures) whereas with bacteria the pH initially does not change very much. The final pH that 

is attained in GDL-induced gels is a function of the initial amount added to milk, whereas starter 

bacteria can continue to produce acid until a very low pH (< 4.0). In practice, bacterial gels are cooled 

when certain pH is reached (usually 4.6), in order to stop the bacteria activity. [56] 

 

In yoghurt formulation, it is possible to do two different types of yoghurt depending on the process 

followed, set or stirred yoghurt (Figure 1.10). The last one will be the procedure focused on the 

present work. [57] 

Figure 1.9 – Conversion of native globular protein into a protein network according to the heat-induced or cold 
gelation procedure [18] 
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In both processes, the common fermentation temperature used is 42ºC. However, the use of slightly 

lower incubation temperatures (e.g., 40°C) leads to slightly longer gelation times and, thus, firmer and 

more viscous gels that are less prone to whey syneresis. At a lower incubation temperature, there is a 

reduction in hydrophobic interactions which leads to an increase in the size of the casein particles and 

a bigger contact area between the casein particles. A high incubation temperature also makes the gel 

network more prone to rearrangements (more flexible) during gelation and these changes can lead to 

greater whey separation. It was showed correlations between the level of whey protein denaturation 

and the firmness and apparent viscosity of yoghurt, regardless of the method used to heat the milk; 

When more denaturation occurs, the firmness is higher. However, very high levels of whey protein 

denaturation appeared to be detrimental, with a decrease in the firmness of yoghurt, at denaturation 

levels above 95%. Other properties, such as water-holding capacity/syneresis, are more dependent on 

the heating system used. [14] Gelation of whey proteins is pH dependent; whey proteins have great 

gelation functionality at a slightly basic pH (>8.1), good gelation functionality at pH 5 and has poor 

gelation functionality at pH 3. [9] [16]  

 

Figure 1.10 - Main processing steps in the manufacture of set and stirred yoghurt. [57] 
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1.2.4 Mixed Proteins Systems 

The interaction of biopolymers is of direct importance for the macroscopic properties of food products 

contributing to their structure, texture, stability and mouth feel. [58] [59] When two proteins are mixed 

two different scenarios can take place (Figure 1.11): molecules can either stay mixed on a molecular 

scale throughout the gelation process (single-phase) or show some degree of phase separation. For 

very dilute solutions the system is stable since the mixing entropy dominates and both proteins are co-

soluble. However, biopolymer gel networks that stay mixed on a molecular level throughout the 

gelation process are rare. As a rule, biopolymer mixtures tend to segregate and thus or they form a bi-

continuous network or spherical enclosures (Figure 1.11). In a bi-continuous network, both phases 

(shown in green and white) are continuous throughout the whole system, whereas in the second 

microscopic organization of biopolymers there are spherical enclosures of one phase in a continuous 

matrix of the second phase. [55] [60] Other case happens if biopolymers show a net attraction, usually 

through electrostatic interactions (when they have oppositely charged groups), complex coacervation 

or associative phase separation occurs, giving rise to the formation of complexes. The mixture 

separates into two phases: the lower phase contains the proteins complex and the upper phase 

contains mainly the solvent. Complex formation and thermodynamic incompatibility are primarily 

influenced by pH, ionic strength, conformation, charge density and the concentration of both 

biopolymers. Thus, the biopolymer mixture is stable, separates into two phases, or forms complexes, 

which eventually may phase separate as well. [55] [61] 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 – Scheme showing the possible interactions in mixed biopolymers systems. Source: NIZO property 
[7]. 
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1.3 Aim of the Project 
To successfully use the opportunities of proteins blends, a detailed understanding of the interactions 

between proteins, which depend on functional properties such as solubility, heat stability, emulsifying, 

foaming and gelling, is needed. NIZO has been studying and developing methods to increase the 

solubility and to solve the off-taste and colour problems associated to plant proteins. [1] [3] [4] The goal 

of the present work is to increase the knowledge on protein blends between animal (whey proteins, 

milk, milk protein concentrates) and plant proteins (pea proteins) by relating their molecular interaction 

to the macroscopic functionality (emulsification, gelation and heat stability). This interaction will be 

studied in different conditions, such as different pH values and different ratios of WPI:PPI. Analytical 

methods such as SDS-PAGE, RP-HPLC, Mastersizer, Moisture and Texture Analysers will be used to 

analyse the samples. 
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2 MATERIALS AND METHODS 

2.1 Protein Isolates 

Whey protein isolate (WPI) with a protein content on wet basis of 94%(w/w). The pea protein isolate 

(PPI) used in the major experiments in the present work was produced at NIZO (PPI-A). Two other 

pea protein isolates were used in the last set of experiments, referred as PPI-B and PPI-C. In Figure 

2.1 is possible to see some differences in band intensity between the different pea protein isolates.  

 

 

 

 

 

 

 

 

 

 

 

2.2 Milk 

The milk used for the GDL experiments and for the yoghurt was pasteurized milk produced by 

Campina, with a protein content around 3.5 %(w/w) and a fat content of 1.5 %(w/w) of which 1.1 

%(w/w) is saturated fat. 

 

2.3 Emulsions 
2.3.1 Samples Preparation 
Emulsions with 3.5 %(w/w) of protein content and different ratios between protein and fat content were 

prepared. For each ratio protein:fat (1:0.5: 1:5 and 1:10), 5 different solutions that differ on the amount 

of WPI and PPI (WPI:PPI = 1:0; 0.75:0.25; 0.5:0.5; 0.25:0.75; 0:1) were made. The protein powder 

(WPI and/or PPI) was dispersed in water during 30 minutes at room temperature and left stirring 

overnight in the cold room (7 ºC). In the day after the sunflower oil was added followed by the pre-

homogenization step – Turrax for 1 min at 10,000 rpm. The solution was then homogenized in a 

Homogenizer NIRO-SOAVI Panda 2K at 200/50 bar and were done 3 passages.  

 

(a) (b) (c) 

Figure 2.1 – SDS-PAGE profiles in reducing conditions of (a) PPI-B, (b) PPI-C and (c) PPI-A. Source: NIZO 
property [7]. 
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2.3.2 Stability Overtime 
In order to see which were the proteins stabilising the emulsion, 9 g were taken from each emulsion 

and centrifuged at 10,000 xg for 1 hour at room temperature to separate the fat phase from the serum 

phase. Then samples were taken from the fat phase and were analysed by RP-HPLC. In an attempt to 

obtain a better separation between the fat and serum phase, the centrifugation was, sometimes, 

performed in the presence of 60% (w/w) sucrose solution. It was added 3g of 60% (w/w) sucrose to 6g 

of the emulsion to achieve a 20% (w/w) sucrose.  

To study the stability of the emulsions overtime, the particle size of the emulsions was analysed in day 

0, 1 and 3 when possible by using the Mastersizer. 2000 from Malvern. These measurements were 

performed in duplicates or triplicates for each sample, depending on the reproducibility of the two first 

measurements. 

 

2.4 Heat Stability 
2.4.1 Experimental Set up I 
Solutions with 3 different ratios of WPI:PPI (1:0, 0.5:0.5 and 0:1) at a total protein content of 3.5 

%(w/w) were studied with this protocol. First the protein was dispersed in water and stirred for 15 

minutes before the adjustment of different pH values (6.5, 7.1 and 7.4). This adjustment was made by 

using solutions of NaOH (1M) or HCl (1M) depending of the initial solution pH. After that, an additional 

stirring for 30 minutes took place. The solutions were distributed in tubes of 5mL each and then were 

placed in an oil bath at 120ºC. During the bath, for 10 minutes, every minute one of the tubes was 

taken out. 1 mL was taken from each sample and a centrifugation was performed (4500 xg for 30 

minutes) in eppendorf Centrifuge 5417C. The pellet weight was measured whereas the supernatant 

(aqueous phase) was analysed by RP-HPLC as well as the rest of each sample that didn’t suffer 

centrifugation.  

Samples from minutes 1, 5 and 10 of each experiment, before and after centrifugation, were analysed 

by SDS-PAGE in reducing conditions. 

The same protocol was used to the experiments with divalent cations, where the proteins were 

dispersed in 50mM NaCl instead and the divalent cations, calcium and magnesium, were added in the 

form of calcium and magnesium chloride, respectively. Two different concentrations of Ca and Mg 

were tested. Firstly, 0.19 and 0.02 %(w/w) and then 0.1 and 0.01 %(w/w) of calcium and magnesium, 

respectively in both situations. 

All the experiments done with the Experimental Set up I were single experiments, without duplicates. 

 

2.4.2 Experimental Set up II 
The WPI and PPI-A were dissolved in water or 50mM NaCl to obtain 3.5 %(w/w) as final protein 

content. Five different WPI:PPI ratios were studied – 1:0, 0.75:025, 0.5:0.5, 0.25:0.75 and 0:1. After 
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stirring the samples for 15 minutes the pH was adjusted to 7.1 or 7.4 with NaOH (1M) or HCL (1M). 

Then the solutions were stirred for an additional 30 minutes and divided in 10 tubes with 10 mL each. 

This tubes were immersed in an oil bath at 120ºC and every minute during 10 minutes one of them 

was taken out of the bath. The samples (10 mL) were centrifuged at 4500 xg for 30 minutes at RT and 

the supernatant was carefully removed and analysed with a Moisture Analyzer (Sartorius YPD20-0CE) 

in order to calculate the dry matter present in the sample. For that, was assumed that the percentage 

of dry matter present on the supernatant was the same as the soluble material present in the water of 

the wet pellet, which was then present in the dry pellet. The wet pellet was weighted, freeze dried and 

measured again when dried. In this new protocol the experiments were done in duplicate. 

Samples from minutes 1, 5 and 10 of each experiment, before and after centrifugation, were analysed 

by SDS-PAGE in reducing conditions. 

 

2.5 GDL Experiments 
The GDL experiments were always done at least in duplicate. The protocol for these experiments was 

improved between each trial based on the results of the previous one. The final procedure, which was 

concluded to be the best is described below: 

1. WPI and PPI were dispersed into the milk during 30 minutes according to the WPI:PPI ratio 

desired (1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1) and to obtain 2% (w/w) of these proteins in 

the solution (a final protein content of 5.5 %(w/w) was reached); 

2. The pH was adjusted to 7.1 with 1M NaOH or 1M HCl; 

3. Homogenization in the Homogenizer NIRO-SOAVI Panda 2K at 400/50 bar and 1 passage; 

4. Pre-heating in a water bath at 95ºC for 20 minutes; 

5. Cooling of the samples until RT; 

6. Addition of GDL (0.5, 0.75, 1.0, 1.25 and 1.5 %w/w) and stirring for 5 minutes 

7. Incubation in a water bath (25 ºC) for 24 hours. 

The homogenization and the pre-heating steps were not always performed in the order described 

above. Sometimes were performed the other way around, first pre-heating followed by 

homogenization, and other times only one of them was performed. Different heating times (5, 10, 20 

and 30 minutes) were tested until it was decided to use 20 minutes for the pre-heating step. Moreover, 

also the incubation temperature suffered some changes until reaching the conclusion that 25ºC was 

the best; It were also tested 20 and 37 ºC.  

After the incubation (24h) the texture was analysed using a texture analyser (XT plus, Stable Micro 

Systems Ltd) and the amount of syneresis and the final pH were measured. The amount of syneresis 

was measured by removing the syneresis to a container and then measured on a scale. 
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2.6 Yoghurt 

The protein powders were dispersed in pasteurized milk for 30 minutes to obtain 2 %(w/w) of total WPI 

and/or PPI in the solution. The amount of each protein depends on the WPI:PPI ratio that is wanted in 

the end – 1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 or 0:1. After that the pH was adjusted to 7.1 or 7.4 with 1M 

NaOH. Followed by 1 passage in the homogenizer NIRO-SOAVI Panda 2K at 400/50 bar and then the 

pre-heating step in a water bath at 95 ºC for 20 minutes. In the next day the fermentation was 

performed at 42ºC. The frozen pellets of acid lactic bacteria were thawed in a sterilised cup. Then the 

cultured was diluted 10x in 9 mL of PFZ buffer (Tritium Microbiologie BV) and vortex. The diluted 

culture was inoculated to 0.05% (w/w) of the undiluted culture. The pH was monitored during the 

fermentation and when pH 4.6 was reached the samples were taken out from the water bath, mixed 

and passed through a syringe in order to mimic the homogenization step in the stirred yoghurt. Finally, 

they were stored for maximum 4 days in a cold room at ~7ºC to stop the bacterial activity. 

On the last set of experiments sugar was added to the solutions. Sugar was added at a 2 %(w/w) 

concentration and mixed together with the protein powders in the beginning of the procedure. When 

flavours were added, they were added after the syringe step and at 0.1% (w/w) of concentration.  

In the day after the fermentation, the texture of the yoghurts was measured in the texture analyser (XT 

plus, Stable Micro Systems Ltd). In the most of the cases an informal tasting was performed also on 

the day after. 

 

2.6.1 Informal Tasting 
The informal tastings were performed with a minimum of 3 people and maximum 7, where at least two 

of them were present in all the informal tastings performed during this project. The yoghurt was always 

tasted when it was cold, usually right after it was taken from the cold room. 

 

2.7 Analytical Methods 

2.7.1 SDS-PAGE 
SDS-PAGE is an electrophoresis method which separate macromolecules in an electric field. 

However, the protein migration is not determined by intrinsic electric charges of polypeptides but by 

molecular weight by using a discontinuous or continuous polyacrylamide gel as a support medium and 

sodium dodecyl sulphate (SDS) to unfold the proteins into individual peptides and to negatively charge 

them. The binding of SDS to the polypeptide chain imparts an even distribution of charge per unit 

mass. Thus, negatively charged proteins will migrate towards the positive electrode (anode) and will 

be fractionated by approximate size. A complete unfolding of the molecules can be achieved when a 

reducing agent such as DL-Dithiothreitol (DTT) is added. DTT cleaves any disulphide bonds between 

cysteine residues. A non-reducing SDS-PAGE is obtained when no DTT is added to the samples. [3] 

[15] [62] 
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In the present work, SDS-PAGE was performed in reducing conditions using DTT from Sigma-Aldrich. 

The samples were diluted with MiliQ water to 2mg protein/mL of sample and then 50 µL of the diluted 

sample were added to 50 µL of Laemmli buffer from BIO-RAD. The buffer was previously mixed with 

DTT in order to have 15 mg DTT per mL of buffer. As it is in the presence of reducing conditions, the 

samples were incubated for 5 minutes at 90 ºC. Then they were centrifuged at 15,000 xg for 4 minutes 

(Eppendorf Centrifuge 5417C) and 10 or 5 µL were pipetted into each well depending if it was a 12+2 

or 26 well gels, respectively. After the run is finished the gels were placed in Instant Blue 

(Expendeon). The gels used in the present work were 12+2 or 26 well Criterion TGX Precast Gels 

(BIO-RAD) with 12% gradient and the electrophoresis was performed at 200 V and sometimes on ice. 

The protein standard used was Precision Plus Protein Standards from BIO-RAD. 

The SDS-PAGE profiling, in reducing conditions, of pea proteins and whey proteins is presented in 

Figure 2.2. 

 

 

 

 

 

 

 

2.7.2 RP-HPLC 

Reversed phase High Performance Liquid Chromatography (RP-HPLC) is a technique used to 

separate compounds based on the differences in hydrophobicity. RP-HPLC has a non-polar stationary 

phase, usually based on silica particles, and a moderately polar mobile phase which contains mixture 

of water and organic solvents. The particle separation is based on the intensity of the interactions 

between the compounds and the stationary phase; the compounds more hydrophobic create stronger 

interactions with the support than the hydrophilic ones or less hydrophobic. The mobile phase passes 

throw the column with a certain gradient defined by the user and the hydrophilic molecules are the first 

to elute and detected at a short retention time, followed for the molecules with lower hydrophobicity 

and so on. The eluted compounds are detected by UV detection at 220nm and a chromatogram is 

plotted. Since each compound elutes from the column at a characteristic time (retention time), each 

peak in the chromatogram represents a specific protein. The integration of the area below each pick 

allows to quantify the compounds in the sample. The equipment is constituted by an Ultimate 3000 

pump, WPS auto sampler, column compartment and a diode array detector (ThermoFisher Scientific). 

The analyses were performed by inject 10 µL of the sample into a wide-pore C18 analytical column 

Figure 2.2 – SDS-PAGE profile, in reducing conditions, from pea proteins (left gel) and whey proteins (right gel). 
The profile from pea proteins is from NIZO [7] and the one from whey proteins was obtained during this project. 
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(Phenomenex) thermostated at 40 ºC. Proteins were eluted at a flow rate of 0.40 mL/min with a 

specific gradient elution profile, depending on the method used (Table 3.1). Data analysis was done 

with Chromeleon software version 7.2 (ThermoFisher Scientific). [8] [63] 

For protein solutions with 3.5 %(w/w) of protein content, 100 µL were diluted in 300 µL of Buffer E 

containing 20 mg/mL DTT. DTT is a reducing agent, which quantitatively reduces disulphide bonds, 

ensuring the dissociation of protein aggregates that may exist. After 1 hour of incubation at RT, 1.5 mL 

of Buffer D are added and then the sample is filtered to the HPLC vial over a 0.22 µm filter (Merck 

Millipore Ltd). The composition of the solvents and the buffers used in the HPLC is described in Table 

2.1. 

Table 2.1 – Composition of the buffers (E and D) used in the sample preparation and of the solvents used during 
the RP-HPLC. 

Buffer/Solvent Composition 

Buffer E 8 M urea, 0,135 M Bis-Tris, 44 mM sodium citrate 
(1,3%), pH 7.0, HCl 

Buffer D 6 M urea, 2% CH3CN, pH 2.5, TFA 

Solvent A 0.10% TFA in 98% water and 2% ACN 

Solvent B 0.08% TFA in 40% water and 60% ACN 

Solvent C 0.08% TFA in 100% ACN 

 

2.7.3 Mastersizer 

The Mastersizer uses the technique of laser diffraction to measure the size of particles. It does this by 

measuring the angular variation in intensity of light scattered as a laser beam passes through a 

dispersed particulate sample. Large particles scatter light at small angles relative to the laser beam 

whereas the small particles scatter light at large angles. The angular scattering intensity data is then 

analyzed to calculate the size of the particles that created the scattering pattern. [64] 

 

 

 

 

 

Figure 2.3 - Light scattering scheme from Malvern Instruments Ltd 2000. Source: NIZO property [7]. 
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To perform these measurements a few droplets of the emulsions were dropped into a compartment of 

the Mastersizer (Malvern Mastersizer 2000), which had water. The amount of emulsion added to the 

water was dependent of the laser obscuration, which should be between 9 and 10%, in order to obtain 

good measurements, where the particles could be described as isolate spheres. After the analysis, the 

program reports a graphic with the particle size distribution as a function of a volume equivalent 

sphere diameter. 

 

2.7.4 CLSM 

Confocal laser scanning microscopy (CLSM) allows the acquisition of real-time high-resolution images 

of complex food matrices without disturbing them. The instrument uses a focused scanning laser to 

illuminate a subsurface layer of the specimen in such a way that information from this focal plane 

passes back through the specimen and is projected onto a pinhole (confocal aperture) in front of a 

detector, which transforms the light into an electrical signal that can be recorded by the computer 

(Figure 2.4). Only a focal plane image is produced, which is an optical slice of the structure at some 

preselected depth within the sample. Thus, the image is reconstructed point-by point. In food 

research, CLSM is a powerful technique to visualize different ingredients and a very efficient approach 

to quickly scan and to tackle stability issues, adapt mouth feel, and optimize products and processes. 

[65] 

 

 

 

 

 

 

 

In the present project, the CLSM used was a Leica TCS SP5 (Figure 2.5). It has different laser light 

sources, which are chosen depending on the dye used. In this case, it was used Argon (20%) and 

HeNe 633 since the dye used was Nile Blue.  

 

 

 

 

Figure 2.4 – Scheme of confocal laser scanning microscope. Source: NIZO property [7] 
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In the present work, the preparation of the samples consisted in adding 0.02% (w/w) of Nile Blue. 

 

2.7.5 Texture Analyser 

The firmness of the gels formed with GDL or fermentation was measured using a Texture Analyser XT 

Plus from Stable Micro Systems. This equipment performs a compression test which extrudes the 

product up and around the edge of the probe measuring the consistency of viscous products such as 

yoghurt. The force applied to penetrate the sample is recorded against time, in this case. It could be 

represented as function of penetration depth as well. The greater the force, firmer is the gel. At the 

fracture point, a peak in force occurs, after which the force decreases. [66] In the present work, a 

cylindrical stainless-steel probe of 1 cm diameter was used. The texture analyser was calibrated with a 

5 kg weight. The parameters defined for the tests are described in Figure 2.6. 

 

 

 

 

 

 

The measurements were always done at least in duplicate and sometimes in triplicate. In the GDL 

experiments, the breaking point was the value used to compare the different samples, whereas in the 

yoghurt experiments the value used to comparison was the maximum gramme-force used. The 

breaking point is point out in Figure 2.7 with blue arrows and the maximum force is highlighted with a 

blue circle in Figure 2.8. 

 

1 

2 

3 

5 4 

6 
Figure 2.5 – Leica TCS SP5 components. 1) TCS CP5 Scanner 2) Control panel 3) TCS workstation  
4) Supply unit 5) Panel box 6) Stand with scanner. Source: Leica TCS SP5 User Manual (NIZO property) [7] 

Figure 2.6 – Settings defined in the texture analyzer tests. 
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Figure 2.7 – Force measured by the texture analyser as function of time (seconds) of samples with 1 % (in green) 
and with 1.25 % (w/w) GDL (in blue. These samples had a WPI:PPI ratio of 0.5:0.5. The blue arrows point to the 
breaking points of the gels. 

Figure 2.8 - Force measured by the texture analyser as function of time (seconds) of yoghurt samples a WPI:PPI 
ratio of 0.5:0.5and initial pH of 7.4. The blue circle point to the maximum force reached in the gels. 
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Figure 3.1 - HPLC profiling of whey protein isolate (in blue) and pea protein isolate (in green) obtained with 
method A. 

3 RESULTS AND DISCUSSION 

3.1 RP-HPLC 

3.1.1 Method Development 
A RP-HPLC method was developed to analyse whey and pea protein contents in the samples. Three 

different methods were tested. The differences between these methods are centre in the gradient of 

eluent B and are presented in Table 3.1. 

Table 3.1 – Gradient of eluent B in the different methods (A, B and C). 

Method Step 1 Step 2 Step 3 

A 0 – 50.0 % (0 to 24min) 50.0 – 91.0 %  
(24 to 47min) 

- 

B 0 – 50.0 % (0 to 24min) 50.0 – 58.0 %  
(24 to 27min) 

58.0 – 73.0% 
(27 to 47min) 

C 0 – 50.0 % (0 to 16min) 50.0 – 58.0 %  
(16 to 27min) 

58.0 – 73.0% 
(27 to 47min) 

 

The chosen one was method C (Figure 3.3) since it is the one where the separation of whey and pea 

proteins was observed, in other words, the peaks from both proteins fraction don’t overlap. In addition, 

in method C the peaks from pea proteins are more clearly defined.  
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Figure 3.2 - HPLC profiling of whey protein isolate (in blue) and pea protein isolate (in green) obtained with 
method B. 

Figure 3.3 - HPLC profiling of whey protein isolate (in blue) and pea protein isolate (in green) obtained with 
method C. 
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3.1.2 Quantification in Heat Stability Measurements 

Using method C an attempt was made to quantify the amount of pea and whey proteins in the whole 

solution and in the supernatant after the centrifugation, in the heat stability experiments.  

 

Figure 3.4 - Concentration of pea (in blue) and whey (in orange) proteins at two different pH values (7.1 and 7.4) 
and different ratios of WPI:PPI (1:0, 0.5:0.5 and 0:1), obtained through HPLC analysis. The numbers 1, 5 and 10 
represent the heating time. The letter “c” after the heating time means that these samples were from the 
supernatant after the centrifugation step in the heat stability experiments whereas the ones without the “c” are the 
samples from the whole solution only after the oil bath. 

 

The initial protein concentration of the solutions was 35 mg/mL and looking to Figure 3.4 it is possible 

to see that the samples where pea protein was present are overestimated. The integration of pea 

peaks was not easy; Firstly, behind the pea peaks were present some peaks from the whey fraction, 

as it is possible to see in Figure 3.3 and secondly in order to have a relatively good base line was 

necessary to divide the pea fraction in 4 regions. These are the two possible reasons for the 

overestimation of pea proteins. From these results was, however, possible to see the trend of the 

heating effect but the exact quantification of the amount of protein present was still missing. Thus, 

improvement on this method was necessary to be able to use it. 

 

Improvement of the integration 

This analytical method was left a little bit behind because of the previous results and since it was also 

time consuming. In the end of the internship some time was dedicated to develop this method to see if 

in the future it will be possible to use it. In this new approach the peak integration for pea protein was 

done based in one group only and not subdividing the peaks. The results are represented in Figure 

3.5 and it is possible to see that the overestimation no longer exits, excluding some exceptional cases. 

However, it is not completely optimized since some of the samples show more protein content than 

the initial concentration and in some cases the supernatant shows more protein than the whole 

solution. 
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Figure 3.5 - Concentration of pea (in blue) and whey (in orange) proteins at two different pH values (7.1 and 7.4) 
and different ratios of WPI:PPI (1:0, 0.5:0.5 and 0:1), obtained through RP-HPLC analysis. The numbers 1, 5 and 
10 represent the heating time in minutes. On the left are represented the samples from the whole solution (before 
centrifugation), whereas on the right are the samples from the supernatant (after centrifugation). 

 

The initial protein concentration of the solutions was 35 mg/mL and looking to Figure 3.5 it is possible 

to see that the amount of protein in the whole solution (before centrifugation), in most of the samples, 

is not the same as the initial, like expected. The loss of whey protein compared to the initial added is 

much higher in the presence of pea proteins than when it is alone in the system, as it is possible to 

see in Table 3.2. Thus, the pea proteins seem to be destabilising the whey proteins. Looking to the 

samples with only pea protein it is possible to see that a lot of insoluble material was lost in the 

pipetting after 1 minute of heating. The loss of protein comparing to the initial concentration can be 

happening due to aggregation and possible inhomogeneity of the samples pipetted, even after vortex. 

To reduce the aggregation, it is suggested to use a flip flop oil bath, which allows the horizontal 

movement of the samples during the heating, instead of a static oil bath as it was used in this project. 

It can also be used dipotassium phosphate (K2PHO4) or potassium citrate (K3citrate), which are two 

components often used as food additive in dairy industry or buffering agent, to prevent coagulation.  

Looking to the whole solution samples in Figure 3.5, it is possible to see a decrease on the amount of 

both proteins with the heating time, meaning that the amount of aggregates increased with the heating 

exposure due to an increase in denaturation of proteins. In the samples with only whey protein 

comparing the whole solution with the supernatant (Figure 3.5), it is possible to see that the amount of 

protein is almost the same in both situations, which corroborates the fact that it was not obtain pellet 

after the centrifugation step. Thus, the insoluble aggregates of whey protein were already lost in the 

pipetting and then the rest is all soluble. 

Regarding the supernatant samples, it was observed (Figure 3.5), in the mixed system that the 

concentration of both proteins is decreasing with the heating time. However, more whey protein is lost 

when compared with pea protein (Table 3.2), confirming what was already seen in the whole solution; 

pea protein is destabilising whey protein making them to aggregate and sediment (after 

centrifugation). This suggest that whey proteins are forming aggregates on their own and not 

interacting with pea proteins. Considering the samples with only pea protein, it is possible to see that 

the percentage of protein lost in this case when compared to the mixed system increased a lot (Table 

Whole Solution Supernatant 
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3.2). The amount of pea protein decreased with increasing the heating time meaning that there is a lot 

of insoluble material present among the PPI.  

Table 3.2 – Percentage of protein lost compared with the initial amount for the whole solution and the 
supernatant, different WPI:PPI ratios, two different pH values (7.1 and 7.4) and three different heating times 
(minute 1, 5 and 10). The values are represent in the following way: % WPI lost / % of PPI lost. 

  Whole Solution Supernatant 

pH WPI:PPI 1 min 
(WPI/PPI) 

5 min 
(WPI/PPI) 

10 min 
(WPI/PPI) 

1 min 
(WPI/PPI) 

5 min 
(WPI/PPI) 

10 min 
(WPI/PPI) 

7.1 

1:0 5.2/0.0 10.5/0.0 19.7/0.0 4.3/0.0 12.9/0.0 22.4/0.0 

0.5:0.5 10.6/-3.7* 18.2/-4.9* 29.3/10.1 5.3/18.2 22.8/21.0 36.3/26.4 

0:1 0.0/-2.0* 0.0/12.6 0.0/32.0 0.0/23.5 0.0/30.9 0.0/39.2 

7.4 

1:0 -0.8*/0.0 7.4/0.0 17.3/0.0 0.0/0.0 8.4/0.0 17.1/0.0 

0.5:0.5 6.6/-3.6* 16.7/-6.6* 29.1/18.9 4.8/16.0 19.2/12.2 49.0/21.8 

0:1 0.0/0.8 0.0/18.5 0.0/31.2 0.0/24.1 0.0/31.8 0.0/35.4 

*impossible - amount of protein measured in the RP-HPLC is higher than the initial protein content of the samples. 

One of the recommendations to improve this method is analyse also the minute 0 and use this result 

as the real amount of protein initially present in the solution. There is also the need, mainly for the 

samples with pea protein, to repeat the analyses several times in order to make an average and be 

sure of the results.  

 

3.2 Emulsions  

Emulsions are important for clinical nutrition since in this area the products need to be less viscous as 

possible and easy to swallow. The aim in these set of experiments was to see if the emulsions in the 

presence of protein mixes were stable and which protein(s) where in the interface between fat and 

water, in other words, were stabilizing the emulsions. For that, 3 different ratios of protein:fat were 

studied: 1:0.5, 1:5 and 1:10, being only one present in these caption and the other two are in the 

APENDIX - 6.1 Emulsions. For each protein:fat ratio, five different ratios of WPI:PPI were studied (1:0, 

0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1).  

 

3.2.1 Particle Size 

The particle size was almost always analysed in the day when the emulsion was prepared (day 0), in 

the day after (day 1) and in the third or fourth day after the preparation. Figure 3.6, Figure 6.1 and 

Figure 6.4 in APENDIX - Particle Size showed that in the two first days the emulsions, independently 

of the protein composition, were very stable. In the third and fourth day it starts to change a little bit 
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with the exception of the samples containing only whey protein (Figure 3.6) and also the one with 

0.75:0.25 WPI:PPI ratio in Figure 6.4 (APENDIX - Particle Size), which remains stable after that time. 

With 1:0.5 of protein:fat ratio (Figure 3.6), a decrease in the particle size with the storage time 

appeared when more than 50% of the system is pea. This suggests that insoluble particles are 

dissociating over time, which will lead to smaller particles. As more fat is present, this trend seems to 

change and the particles tend to aggregate with each other and become bigger with time (Figure 6.4 - 

APENDIX - Particle Size). 

Sometimes a double peak is present which was not expected, like in the samples with only WPI 

(Figure 3.6), since the common particle size in emulsions is between 1 and 5 micrometres. However, 

in general it seems to form stable emulsions and some shifts in particle size are observed since the 

pea protein make part of the system.  

 

Figure 3.6 - Particle size of emulsion with the ratio of protein:fat = 1:0.5 measured in different days of storage – 
day 0 in green, day 1 in orange and day 3 in dark blue. Five different WPI:PPI ratios were analysed; from left to 
right, in the top: 1:0, 0.75:0.25 on the first line,0.5:0.5 and 0.25:0.75 on the second line and 0:1 on the bottom. 

 

 

 

WPI:PPI = 1:0 WPI:PPI = 0.75:0.25 

WPI:PPI = 0.5:0.5 WPI:PPI = 0.25:0.75 

WPI:PPI = 0:1 
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With the Mastersizer it is possible to obtain the particle size distribution, which is represented by 3 

parameters – d(0.1), d(0.5) and d(0.9). These parameters represent the particle diameter 

corresponding to 10, 50 or 90 % cumulative undersize particle size distribution, respectively to d(0.1), 

d(0.5) and d(0.9). For example, if d(0.1) is 5 µm it means that 10% of the particles are smaller than 5 

µm. 

Analysing the particle size distribution (Figure 3.7) of day 0 it is seen that d(0.1) and d(0.5) increased a 

little when it passes a certain amount of pea but then it reaches a plateau. Whereas d(0.9) increased 

with the increase of pea protein, which means that there are much more big particles as more pea 

protein is present, which is in accordance with partial insolubility associated to this protein. Looking to 

day 1, it is possible to conclude that the trend of d(0.1) and d(0.5) is similar to day 0, even though a 

peak appeared in the d(0.5) when 50% of pea protein is reached. This peak can be neglected since 

when we look for the Figure 3.6 it is also the day one of this sample that seems to be very different 

from the other ones. In day three, in contrast with the other days, the d(0.9) increased until 50% of pea 

content and then decreased reaching the same value that the system with only whey protein. Looking 

for all the different days it is possible to see that the particle size decreased with the storage time, 

when protein:fat ratio is 1:0.5, confirming the previous results (from Figure 3.6).  

In Table 3.3 is a summary of the particle size distribution for the three different ratios of protein:fat 

studied. From here, it is possible to say than in general the amount of both, small and large particles, 

tend to increase in the presence of pea protein, what is visible with the values from d(0.9). However, 

this trend is less visible in the ratio 1:5 of protein:fat, which seems to have an opposite behaviour.  

 

 

Figure 3.7 - Particle size distribution as function of the pea protein concentration for day 0 (graphic on the top in 
left), day 1 (top on the right) and day 3 (graphic in the bottom). D(0.1) in green, d(0.5) in blue and d(0.9) in 
orange. 

 

Day 0 Day 1

Day 3 
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To try to reduce the number of insoluble particles a homogenization at higher pressure can be 

performed or, other alternative, is to expose the protein solution, before adding the fat, to a pre-

heating step. Besides the fact that a pre-heating if it is too high can lead to the denaturation of some 

proteins and then lead to their aggregation blocking their capacity to stabilise the emulsions, it is also 

known that proteins partially unfold are more attracted to the interface of the fat than native proteins. 

Regarding the pre-heating option, when working with mixture of proteins it is important to find a 

balance in the conditions chosen for this step since, in the case of pea and whey proteins, they have 

different heat stabilities due to the difference in denaturation temperatures. 
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Table 3.3 – Summary table of the particle size distribution (µm) for the different days and protein:fat ratios. The blue arrows show that the particle size tend to increase with the 
increase of pea protein whereas the green arrows show the opposite trend (article size increase with the decrease of pea protein). 

Days 0 1 3 or 4 

Protein:Fat WPI:PPI d(0.1) d(0.5) d(0.9) d(0.1) d(0.5) d(0.9) d(0.1) d(0.5) d(0.9) 

1:0.5 

1:0 0.25±0.00 0.81±0.00 9.39±0.21 0.25±0.00 0.82±0.02 8.22±7.81 0.23±0.01 0.74±0.11 0.23±9.44 

0.75:0.25 0.24±0.10 0.87±0.10 6.73±5.23 0.22±0.01 0.68±0.01 6.79±5.54 0.57±0.01 1.38±0.03 0.57±3.35 

0.5:0.5 0.56±0.03 1.39±0.16 36.06±14.87 0.58±0.03 4.64±0.58 37.31±4.27 0.59±0.07 1.35±0.09 0.59±9.74 

0.25:0.75 0.53±0.02 1.47±0.14 54.77±8.91 0.50±0.02 1.37±0.17 75.19±32.68 0.38±0.26 1.03±0.61 0.38±21.40 

0:1 0.52±0.03 1.42±0.19 63.35±30.60 0.50±0.02 1.42±0.26 57.44±14.09 0.21±0.00 0.71±0.00 0.21±4.52 

1:5 

1:0 0.35±0.00* 1.10±0.00* 2.96±0.00* 0.35±0.04 1.16±0.06 3.21±0.21 - - - 

0.75:0.25 0.59±0.00* 1.35±0.00* 28.28±0.00* 0.60±0.00 1.38±0.02 25.23±5.79 - - - 

0.5:0.5 0.27±0.00* 0.74±0.00* 2.38±0.00* 0.32±0.6 0.88±0.15 17.87±21.01 - - - 

0.25:0.75 0.26±0.00* 0.68±0.00* 2.23±0.00* 0.27±0.01 0.72±0.03 7.44±6.88 - - - 

0:1 0.27±0.00* 0.71±0.00* 3.88±0.00* 0.27±0.01 0.67±0.02 2.58±0.55 - - - 

1:10 

1:0 0.45±0.18 1.19±0.17 2.94±0.31 0.32±0.02 1.03±0.05 2.79±0.28 0.32±0.01 1.01±0.06 2.72±0.48 

0.75:0.25 0.31±0.01 0.88±0.04 3.64±0.41 0.27±0.00 0.75±0.02 2.58±0.25 0.29±0.02 0.80±0.08 2.77±0.65 

0.5:0.5 0. 55±0.00 1.71±0.03 20.84±20.24 0.54±0.02 1.48±0.15 6.33±1.35 0.56±0.01 1.71±0.21 78.23±32.87 

0.25:0.75 0.81±0.23 5.12±2.67 127.93±73.84 0.59±0.00 2.63±0.01 93.67±0.78 0.56±0.03 2.30±0.53 185.62±90.98 

0:1 0.74±0.00 3.69±0.32 87.42±28.52 0.59±0.04 1.97±0.63 43.20±53.25 0.68±0.06 3.24±0.85 194.62±32.37 

*only one measurement was performed, no duplicate 
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3.2.2 CLSM 

Pictures of the emulsions were obtained by CLSM after three days of storage (Figure 3.8). It is 

possible to see that up to 50% of whey protein present there are very small oil droplets (in red) and 

thus a stable emulsion, apart from 0.75:0.25 ratio that is an artefact since the aggregates present in 

this sample were not present in the next ones. As the pea protein content increased, the oil droplets 

remained small but it started to appear more protein aggregates (in green) and insoluble material, 

which are the fibres (in black). Nevertheless, the emulsions seem stable.  

 

Figure 3.8 – CLSM pictures from emulsion, at day 3, with protein:fat ratio of 1:0.5 and five different ratios of 
WPI:PPI. From left to right: 1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1. The picture with the red cross is an artefact. 

 

3.2.3 RP-HPLC 
The fat phase of the emulsions obtained after centrifugation was analysed by RP-HPLC. Both 

proteins, whey and pea proteins, are present in the chromatograms from the samples with WPI:PPI 

ratios of 0.75:0.25, 0.5:0.5 and 0.25:0.75, so it is concluded that both proteins are present at the 

interface between water and fat, meaning that the two are stabilising the oil droplets and thus the 

emulsion. In Figure 3.9 and Figure 3.10 is possible to see the chromatograms for the different ratios of 

WPI:PPI.  

 

 

Figure 3.9 - Chromatograms obtain by HPLC for protein:fat ratio of 1:0.5, from the fat phase. From the light blue 
to the dark blue it is represented 5 different WPI:PPI ratios: 1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1. (continue in 
the next page) 

 

 

 

WPI PPI WPI 
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Figure 3.10 - Chromatograms obtained by HPLC for protein:fat ratio of 1:0.5, from the fat phase. From the light 
blue to the dark blue it is represented 5 different WPI:PPI ratios: 1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1. 

 

From this analysis, it is possible to know which protein is present in the fat phase (Figure 3.9 and 
Figure 3.10), but further work is needed in this section in order to know which protein is making the 
primary layer around the oil droplets. 

 

3.3 Heat Stability 

Food products are usually exposed to thermal processes, such as blanching, pasteurization and 

sterilization, to reduce or destroy microbial and enzyme activity and to produce physical or chemical 

changes to make the food meet a certain quality standard. These procedures can reach temperatures 

like 120ºC. [67]  

The next goal in this study was to see how both proteins (WPI and PPI) respond to the heating step 

and mainly how they react together. Both WPI and PPI were dissolved to a final concentration of 3.5 

%(w/w). It is important to keep in mind that samples were taken every minute during 10 minutes from 

the oil bath and different pH values and ratios of WPI:PPI were studied.  

 

3.3.1 pH Influence 

In the first set of experiments, three different pH values were studied, 6.5, 7.1 and 7.4. However, pH 

6.5 is closer to the isoelectric point of some of the pea proteins, so when pea protein is present the 

WPI PPI 

PPI 

WPI PPI 
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Figure 3.11 - SDS-PAGE from samples with ratio WPI:PPI of 0:1. The whole solution and the supernatant were 
analysed at minutes 1, 5 and 10 and at different pH values (6.5, 7.1 and 7.4). 

Figure 3.12 - Percentage of wet pellet of samples with 3.5% of PPI depending on the heating time and 3 different 
pH values (6.5, 7.1 and 7.4). The wet pellet is expressed as % (w/w) based on the weight of the whole solution. 

formation of aggregates increased and precipitation was observed for most of the pea protein (Figure 

3.11). Besides that, it can be seen in the Figure 3.12 that at pH 6.5, the heating doesn’t have an 

impact on the amount of pellet, whereas at pH 7.4 it can be observed that the percentage of pellet 

decreased significantly with the heating. For these reasons, from now on only pH values 7.1 and 7.4 

were analysed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.2 Divalent Cations Effect 

About 30% of all patients in hospital are undernourished and thus clinical nutrition products are very 

important. These products should provide a complete nutrition to patients by containing protein, 

vitamins and minerals essential to the human body. Among the minerals, calcium and magnesium are 

two important ones and usually their concentration is between 0.1 and 0.19%(w/w) and 0.01 and 

0.02%(w/w), respectively. Thus, the heat stability of protein solutions containing both extreme 

concentration of calcium and magnesium was studied. In both set of experiments, the system obtained 

after the heating step was very unstable. A gel was formed when only whey protein was in the 

presence of the divalent cations, even for the lower concentration of both, calcium and magnesium. As 

the pea protein was added to the system, the gelation didn’t occur but a lot of aggregates were formed 
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making an unstable system as well. The aggregates showed a low-density composition, which provide 

them to float in the solution. The density seems to decrease as the samples are more time exposed to 

heat and with the increase in pea protein content. The gelation and such unstable system in the 

presence of a low protein concentration can be due to the fact of the presence of a lot of globular 

proteins that is not usual in this kind of products. Usually milk concentrate is used in clinical food that, 

besides whey proteins, contains as well caseins which, because of being heat stable, compensate the 

presence of globular proteins contributing to a more stable system. Furthermore, in most of the cases 

in this industry is used insoluble calcium and magnesium salt, which prevents aggregation of the 

proteins and precipitation, allowing them to stay in suspension.  

 

Figure 3.13 – Effect of incubation at 120ºC on protein samples with 47.4mM Ca and 8.2 mM Mg at pH 7.1. Three 
different ratios of WPI:PPI were studied – from left to right: 1:0, 0.5:0.5 and 0:1. In each picture is represented 
from left to right the minute 1 to minute 10 of incubation. 

 

 

Figure 3.14 – Effect of incubation at 120ºC on protein samples with 25mM Ca and 4.1mM Mg at pH 7.4. Three 
different ratios of WPI:PPI were studied – from left to right: 1:0, 0.5:0.5 and 0:1. In each picture is represented 
from left to right the minute 1 to minute 10 of incubation. 

 

3.3.3 Heat Stability of Protein Solutions in Water 

Five different ratios of WPI:PPI were studied (1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1). The protein 

powders were dissolved in water and the pH adjusted to 7.1 and 7.4. 

 

3.3.3.1 pH 7.1 

Pictures After Oil Bath 

Samples containing whey protein are transparent after incubation at 120 ºC for up to 10 minutes 

(Figure 3.15, a). However, as pea protein is added to the system, samples become more turbid and 

yellowish (Figure 3.15, b-e). This is explained by the presence of larger particles in pea proteins that 

scatter more light.  
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SDS-PAGE 

On the SDS-PAGE, the whole solution and the supernatant samples were almost always analysed at 

minutes 1, 5 and 10 of the heating step. The experiments were done in duplicate in order to check the 

reproducibility and thus there are almost always the repetition of the three heating times. With the 

SDS-AGE technique, it is possible to see if aggregates are being formed since they will remain in the 

well and do not enter the gel. Even though it is not a quantitative method it gives an idea if there is 

less or more protein present in one sample than another. By comparing the whole solution and the 

supernatant it is possible to conclude if the aggregates are soluble or not for being present or not in 

the supernatant, respectively. 

From these results it is possible to conclude that for all the WPI:PPI ratios, the aggregates increased 

with the heating time since the denaturation increased as the samples stayed more time in the oil 

bath. Comparing the SDS-PAGE with the pictures shown before (Figure 3.15) it is curious to notice 

that the samples in which only whey protein was present, even though they were transparent, they still 

have aggregates present (Figure 3.16). These aggregates are soluble since they are still present in 

the supernatant. It is possible to see a decrease in the whey proteins (b-Lg and a-la) with the increase 

in heating time, which corroborates the formation of aggregates. As the pea protein is added the 

amount of aggregates diminish and the ones that are still formed are less soluble. Moreover, in the 

presence of a mixed system it is possible to still see a slight decrease in whey proteins intensity with 

the heating time, in contrast with pea proteins, where this decrease in intensity is less visible and it 

seems to happen only after ten minutes of heating. This suggests that both proteins are sedimenting 

from a certain point. The same happen when only pea protein is present – it is observed a little 

reduction on intensity of some bands at minute 10. 

 

(a) (b) (c) 

(d) (e) 

Figure 3.15 – Effect of incubation at 120ºC on protein samples, from minute one (first sample on the left side of 
each picture) to minute ten (last sample on the right side of each sample) and five different ratios of WPI:PPI, 
dissolved in water at pH 7.1. From (a) to (e) is represented ratio 1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1, 
respectively. 
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Figure 3.16 – SDS-PAGE from the whole solution and the supernatant at minute 1, 5 and 10 of the heating step 
and at pH 7.1. From left to right, three different WPI:PPI ratios can be observed: 1:0, 0.5:0.5 and 0:1. 

 

Percentage of wet pellet and dry matter in the pellet 

The wet and dry pellet as well as the dry matter present in the pellet were calculated. The wet pellet 

and the dry matter in the pellet are showed below (Figure 3.17 and Figure 3.18) and the dry pellet is in 

APENDIX - 6.2.2 Percentage of Dry Pellet. When only whey protein was added to the system, no 

pellet was obtained or at least not enough to measure. From these measurements, it is possible to see 

that up to 50% of the system is whey protein the wet pellet seems to be almost constant with heating 

time and as more pea is present a decrease in the wet pellet is observed (Figure 3.17). Thus, seems 

to exist an increase in the solubility of the proteins as they are more time exposed to heat but as the 

whey protein content is increased that effect is not so visible anymore.  

 

Figure 3.17 - Percentage of wet pellet, at pH 7.1, as a function of %WPI, on the left, and as a function of the 
heating time on the right. The values showed are an average from the two measurements. Even though the 
measurements were done in duplicate, the range of SD (in %) was not represented for the clarity of the results. 
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Looking to the dry matter (Figure 3.18), even though is not linear, seems to exist a decrease with the 

heating time, in all the different protein ratios, which means less insoluble material with the increase of 

heating. Since the dry matter doesn’t decrease linearly with the increase of WPI it seems to indicate 

that whey and pea proteins are influencing each other behaviour, even though how they are doing that 

is still something to study further.  

 

Figure 3.18 - Percentage of dry matter in the pellet, at pH 7.1, as a function of %WPI, on the left, and as a 
function of the heating time on the right. The values showed are an average from the two measurements. Even 
though the measurements were done in duplicate, the range of SD (in %) was not represented for the clarity of 
the results. 

 

3.3.3.2 pH 7.4 

Pictures After Oil Bath 

In these pictures (Figure 3.19) it is possible to observe the same as in the previous pH, the yellow 

colour as well as the turbidity increase with the increase of pea protein.  

 

 

 

 

(a) (b) (c) 

(d) (e) 

Figure 3.19 – Effect of incubation at 120 ºC on protein samples, from minute one (first sample on the left side 
of each picture) to minute ten (last sample on the right side of each sample), at five different ratios of WPI:PPI, 
dissolved in water and pH 7.4. From (a) to (e) is represented ratio 1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1, 
respectively. 
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SDS-PAGE 

Comparing with pH 7.1 it is possible to conclude in Figure 3.20 that, with the increasing of pH, there 

are less aggregates present, mainly when only whey protein is in the system and that they are more 

soluble. It is also possible to see that, at pH 7.4, the aggregates seem to increase as more pea protein 

is present, in opposite with the pH 7.1.  

Looking for the supernatant samples with only WPI it is visible that neither b-Lg or a-la bands reduced 

in intensity with heating which corroborates the fact that was not obtained pellet in these samples. In 

the gel where the mixed system is present, the only thing that is clearly visible is the appearance of 

aggregates at minute 5 and 10. In the last gel, it is possible to see two effects of the heating step: the 

aggregates increased with heating but also solubility increased, since there is an increase in band 

intensity in the supernatant with the heating time. However, looking to the whole solution in the same 

gel it is possible to see that the band intensity decrease overtime due to the aggregates that are being 

formed.  

It is also visible that some of the samples are artefacts, such as minute 5 of the whole solution in the 

samples with a WPI:PPI ratio of 0.5:0.5 and minute 5 of the supernatant in the samples with only pea 

protein, since they do not follow the trend of the rest of the results. These artefacts suggest that the 

dilution was not made properly, since sometimes the supernatant after the centrifugation was not 

completely homogeneous and thus the sample pipetted leads to a slightly different result.  

 

 

Percentage of Wet Pellet and Dry Matter in the Pellet 

The percentage of the wet pellet as well as the dry matter present in the pellet is decreasing with the 

heating time for all WPI:PPI ratios (Figure 3.21 and Figure 3.22). The decrease in the % of dry matter 

in the pellet is more accentuated than the wet pellet, even though the decrease becomes less 

accentuated as the percentage of WPI increased. Considering these two parameters it is possible to 

see that the heating promotes the dispersibility of the proteins. Moreover, these results came to 

confirm the results obtained in the SDS-PAGE since if there is less insoluble material (i.e. less dry 

Figure 3.20 – SDS-PAGE from the whole solution and the supernatant at minute 1, 5 and 10 of the heating step 
and at pH 7.4. From left to right, three different WPI:PPI ratios can be observed: 1:0, 0.5:0.5 and 0:1. 
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matter) it means more soluble one and it was observed before that the protein aggregates in the 

supernatant samples increased with the heating time. Again, was not obtained pellet with only whey 

protein.  

 

Figure 3.21 - Percentage of wet pellet, at pH 7.4, as a function of %WPI, on the left, and as a function of the 
heating time on the right. The values showed are an average from the two measurements. Even though the 
measurements were done in duplicate, the range of SD (in %) was not represented for the clarity of the results. 

 

Figure 3.22 - Percentage of dry matter in the pellet, at pH 7.4, as a function of %WPI, on the left, and as a 
function of the heating time on the right. The values showed are an average from the two measurements. Even 
though the measurements were done in duplicate, the range of SD (in %) was not represented for the clarity of 
the results. 

3.3.3.3 Comparison 

Analysing the Figure 3.23 it is possible to conclude that in general pH 7.1 shows higher values of wet 

pellet, except at minute one. At this same pH the wet pellet doesn’t change much with the heating 

time, especially for percentage equal or above 50% of WPI. At both pH values the wet pellet is 

decreasing with the increase of WPI in the system, starting to be less linear with the increase of 

heating time. 

 

 

 

 

 

Figure 3.23 - Percentage of wet pellet to 3 different heating times (minute 1, 5 and 10) and five different WPI:PPI 
ratios (1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1). The two different pH values are shown, pH 7.1 in blue and pH 
7.4 in green. The heating times (1, 5 and 10) are, in both pH values, 7.1 and 7.4, represented from light blue and 
green to dark blue and green, respectively. Even though the measurements were done in duplicate, the standard 
deviation was not represented for the clarity of the results. 



Protein Blends: Plant and Animal proteins 

|  
 

47 

Looking to Figure 3.24, it is possible to see that the percentage of dry matter in the pellet is much 

more variable with the increase of WPI in the system and it doesn’t show a clear trend like the wet 

pellet (Figure 3.23). The differences between these two parameters can be explained by different 

densities of the pellet. 

The dry matter, as well as the previous parameter, continues to be higher at pH 7.1 than at pH 7.4. At 

pH 7.1, a plateau is visible until 50% of WPI, where it starts decreasing. Whereas, at pH 7.4, it is 

constant along the all the different ratios for minutes 5 and 10.  

 

 

 

 

 

 

 

These results show that at pH 7.4, pea proteins are becoming more dispersible by increasing the 

heating time when compared to pH 7.1. It is also possible to conclude that whey and pea proteins are 

interfering in each other behaviour (being this effect higher at pH 7.4 than at pH 7.1); either whey 

proteins are improving the dispersibility of pea proteins or pea proteins are promoting whey proteins to 

aggregate on their own.  

 

3.3.4 Heat Stability of Protein Solutions in the Presence of 50mM NaCl 

In order to see how the proteins, react in the presence of salt, the proteins were dissolved in a 50mM 

NaCl solution instead of water. The same different five ratios were analysed as well as the two 

different pH values, 7.1 and 7.4. 

 

3.3.4.1 pH 7.1 

Pictures After Oil Bath 
The increase of the yellow colour is again visible as more pea protein is present in the system. 

Comparing to the previous experiments with water (Figure 3.15 and Figure 3.19) it is possible to see 

that the turbidity increase as the salt was added, even when only whey proteins are present, the 

Figure 3.24 - Percentage of dry matter in pellet to 3 different heating times (minute 1, 5 and 10) and five different 
WPI:PPI ratios (1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1). The two different pH values are shown, pH 7.1 in blue 
and pH 7.4 in green. The heating times (1, 5 and 10) are, in both pH values, 7.1 and 7.4, represented from light 
blue and green to dark blue and green, respectively. Even though the measurements were done in duplicate, the 
standard deviation was not represented for the clarity of the results. 
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samples are not transparent anymore. Thus, the increase of turbidity with the increase of pea is not so 

visible as before. While with water, the samples seemed homogeneous in the pictures, with sodium 

chloride the aggregates are clearly visible and they seem to have a fluffy texture and low density since 

in some cases they even float. These aggregates seem to increase with the addition of pea protein.  

The increase of turbidity in WPI solutions in the presence of salt has been already reported. It was 

suggested that in presence of NaCl a negative charge neutralization on the unfolded protein happen 

by sodium ions, which leads to aggregationand thus increase turbidity. [68] 

 

Figure 3.25 – Effects of incubation at 120 ºC on protein samples, from minute one (first sample on the left side of 
each picture) to minute ten (last sample on the right side of each sample), at five different ratios of WPI:PPI, 
dissolved in NaCl and pH 7.1. From (a) to (e) is represented ratio 1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1, 
respectively. 

 

SDS-PAGE 

In these results it is possible to see a decrease in whey proteins with the heating time, except the 

duplicate of minute 10 in the whole solution samples, suggesting that in this sample the dilution was 

not made properly for reasons that were already mention in the previous subchapter (3.3.3-Heat 

Stability of Protein Solutions in Water pH 7.1). The decrease on intensity of the bands from whey 

proteins can be due to the formation of aggregates, which can be seen in the well of the SDS-PAGE. 

However, was not obtain pellet for these samples, what indicates that the aggregates are still too small 

and not dense enough to sediment. These aggregates increased with the heating time, as we can see 

in picture (a) from Figure 3.25 with the increase in turbidity. In the presence of a mixed system the 

decrease on intensity of whey proteins remains, as well as a decrease in the pea protein, suggesting 

that both proteins are precipitating. In all the gels, it is possible to observe an increase in aggregates 

with the heat exposure and the aggregates become less soluble as more pea protein is present, since 

it is seen a decrease on the aggregates present in the well, looking from left to right in Figure 3.26. 

Comparing the whole solution with the supernatant for the samples where pea protein is present, it is 

concluded that some of the pea proteins precipitate since the bands seem less intense in the 

supernatant. 

(a) (b) (c) 

(d) (e) 
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Percentage of Pellet and Dry Matter in the Pellet 

In the presence of salt, the wet pellet and the dry matter changed less with the heating time than in 

water solutions. In both parameters, the trend changes as there is more pea protein or more whey 

protein in the solutions. The percentages of wet pellet and dry matter in the pellet decreased with the 

heating time when more pea protein was present. The opposite happens when at least 50% of the 

system is whey protein, where both parameters increased with the heating time. Nevertheless, 

considering the percentages as functions of WPI concentration, both parameters slightly decrease 

with the presence of whey protein.  

 

 

Figure 3.27 - Percentage of wet pellet, at pH 7.1, as a function of %WPI, on the left, and as a function of the 
heating time on the right. The values showed are an average from the two measurements. Even though the 
measurements were done in duplicate, the range od SD (in %) was not represented for the clarity of the results. 

 

Figure 3.26 - SDS-PAGE from the whole solution and the supernatant at minute 1, 5 and 10 of the heating step 
and at pH 7.1. From left to right, three different WPI:PPI ratios can be observed: 1:0, 0.5:0.5 and 0:1. 
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Figure 3.28 - Percentage of dry matter in the pellet, at pH 7.1, as a function of %WPI, on the left, and as a 
function of the heating time on the right. The values showed are an average from the two measurements. Even 
though the measurements were done in duplicate, the range od SD (in %) was not represented for the clarity of 
the results. 

 

3.3.4.2 pH 7.4  

Pictures After Oil Bath 
It is observed the same trend as in pH 7.1, the yellow colour increased with the presence of pea 

protein in the system, as well as the aggregates. The turbidity increased comparing to the solutions 

without salt. 

 

Figure 3.29 – Effect of incubation at 120º C on protein samples, from minute one (first sample on the left side of 
each picture) to minute ten (last sample on the right side of each sample), at five different ratios of WPI:PPI, 
dissolved in NaCl and pH 7.4. From (a) to (e) is represented ratio 1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1, 
respectively. 

 

SDS-PAGE 

An increase in aggregates with the heating time was observed. As already seen in the protein 

solutions in water at pH 7.1, as pea protein content is increased, the soluble aggregates decreased. In 

the presence of salt the insolubility increased a lot since both proteins, but mainly pea protein, 

sediment during the centrifugation. In the mixed system, the bands of both proteins decreased with the 

heating time contributing for the aggregates which are seen in the wells and suggesting that both 

proteins also formed insoluble aggregates, either together or by themselves. 

(a) (b) (c) 

(d) (e) 
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Figure 3.30 - SDS-PAGE from the whole solution and the supernatant at minute 1, 5 and 10 of the heating step 
and at pH 7.4. From left to right, three different WPI:PPI ratios can be observed: 1:0, 0.5:0.5 and 0:1. 

 

Percentage of Pellet and Dry Matter in the Pellet 

The wet pellet is decreasing with the increase of whey protein but almost doesn’t change with the 

heating time (Figure 3.31). However, it is slightly decreasing with the heating when only pea protein is 

present and starts increasing with the heating as the whey protein is added to the solution.  

 

Figure 3.31 - Percentage of wet pellet, at pH 7.4, as a function of %WPI, on the left, and as a function of the 
heating time on the right. The values showed are an average from the two measurements. Even though the 
measurements were done in duplicate, the range of SD (in %) was not represented for the clarity of the results. 

 

Relatively to the percentage of dry matter in the pellet (Figure 3.32), the trend is similar to the wet 

pellet but the difference between the first minute of heating and the last is much higher. It is also 

decreasing with the heating time while more pea protein is present in the system and as the solutions 

start to have more whey protein the trend changes and the dry matter increased with the heating, even 

though there is some fluctuation on the values. 
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Figure 3.32 - Percentage of dry matter present in the pellet, at pH 7.4, as a function of %WPI, on the left, and as 
a function of the heating time on the right. The values showed are an average from the two measurements. Even 
though the measurements were done in duplicate, the range of SD (in %) was not represented for the clarity of 
the results. 

3.3.4.3 Comparison 

In the presence of sodium chloride, both pH values lead to very similar results, mainly in the case of 

the wet pellet. Both parameters decreased as the presence of whey proteins increased. However, this 

decrease is not linear, especially in the percentage of dry matter in the pellet which seems to be more 

or less constant until the 50% of WPI.  

 

 

 

 

 

 

 

 

 

 

Figure 3.34 - Percentage of dry matter in the pellet to 3 different heating times (minute 1, 5 and 10) and five 
different WPI:PPI ratios (1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1). The two different pH values are shown, pH 
7.1 in blue and pH 7.4 in green. The heating times (1, 5 and 10) are, in both pH values, 7.1 and 7.4, represented 
from light blue and green to dark blue and green, respectively. Even though the measurements were done in 
duplicate, the standard deviation was not represented for the clarity of the results. 

Figure 3.33 - Percentage of wet pellet to 3 different heating times (minute 1, 5 and 10) and five different WPI:PPI 
ratios (1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1). The two different pH values are shown, pH 7.1 in blue and pH 
7.4 in green. The heating times (1, 5 and 10) are, in both pH values, 7.1 and 7.4, represented from light blue and 
green to dark blue and green, respectively. Even though the measurements were done in duplicate, the standard 
deviation was not represented for the clarity of the results. 
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3.3.5 Heat Stability Overview 

Regarding the protein solutions in water it was seen that by increasing the pH and the heating time the 

protein dispersibility increased, being this effect more accentuate in the present of pea proteins. Since 

the decrease of the percentage of dry matter in the pellet with the increase of WPI in the system is not 

linear it was also possible to conclude that both proteins, whey and pea proteins, are interfering with 

each other behaviour; either whey proteins are preventing pea proteins to dissociate or pea proteins 

are promoting the whey proteins to aggregate on its own. The last hypothesis is in accordance with 

what the RP-HPLC results suggested.  

As the salt is added, it was observed that neither the pH or the heating time have a big impact on the 

wet pellet or in the dry matter in the pellet. It is also visible that the dry matter present in the pellet is 

higher on the presence of NaCl than in water, which explain the turbidity observed.  

 

Figure 3.35 – Percentages of wet pellet (on the left) and dry matter in the pellet (on the right) for the proteins 
solutions in water (graphics above) and in 50 mM NaCl (graphics below). Even though the measurements were 
done in duplicate, the standard deviation was not represented for the clarity of the results. 

 

3.4 GDL Experiments 
As mentioned before, GDL is often used to mimic the yoghurt production and besides it is also used in 

certain food products. So, our purpose with this set of experiments was to see the effect of different 

GDL concentrations on the final gel structure and pH as well as define the procedure for the next and 

final experiments of the present work, the yoghurt formulation. Yoghurt-type products show final pH 

values between pH 4.6 and 5.2, depending on the conditions used. For this reason and because the 

isoelectric point of milk and whey proteins is near pH 4.8, this is the ideal final pH for these 

experiments. [56] 
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3.4.1 Effect of GDL Concentration and Heating Step prior to Acidification 
In this section, it is showed the effect of the GDL concentration and of the heating step. Different GDL 

concentrations were tested in order to see which one gets to a final pH closer to 4.8.  

 
Figure 3.36 - Final pH of the gel as function of 5 different GDL concentrations (0.5, 0.75, 1.0, 1.25 and 1.5 
%(w/w)) for samples with a protein content around 5.5% (w/w), of which 2% are WPI or PPI. Two different 
protocols were used, without and with pre-heating step, represented on the right and left, respectively. The final 
pH was measured after 24h of incubation at 20ºC for 3 different WPI:PPI ratios, 1:0, 0.5:0.5 and 0:1 represented 
in blue, orange and green, respectively. 

 

As expected, with the increase of GDL in the samples the final pH becomes lower, reaching pH 4.6-48 

with 1.5 and 1.25%(w/w), respectively, which were around the desirable pH values. The final pH is the 

same no matter how much pea or whey proteins are in the system and if it was submitted to pre-

heating or not. 

Regarding the firmness of the gel, only the samples with 1.25 and 1.5 %(w/w) of GDL were analysed. 

There are differences depending on the procedure used. It is visible in Figure 3.37 that the gel is 

stronger, even though still weak, with the pre-heating step. 

 

 

 

 

 

 

 

From these experiments, it was decided to focus on two GDL concentrations (1.25 and 1.5 % w/w) 

and to apply a pre-heating step.  

 

Figure 3.37 - Breaking point of samples exposed (in green) or not (in blue) to a pre-heating step at 95ºC during 5 
minutes. Two different concentrations of GDL were analysed (1.25 and 1.5%) and three different ratios of WPI 
and PPI. 
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3.4.2 Importance of Homogenization 
In the first set of experiments where no homogenization was applied it was observed that pea proteins 

sediment at the bottom of the containers, as can be seen in Figure 3.38. Therefore, it was decided to 

include a homogenization step to the procedure of samples preparation. With this new step, the 

insoluble material was reduced and no sedimentation was visually seen, as can be observed in Figure 

3.39. 

 

Figure 3.38 – Gels formed after 24h in incubation without homogenization step from an initial solution with 
WPI:PPI ratio of (a) 0:1, (b) 0.5:0.5 and (c) 1:0. Two different concentrations of GDL are shown – 1.25 and 1.5 
%(w/w). The blue arrow shows the layer of pea in the bottom of the container. 

 

 

Figure 3.39 - Gels formed after 24h in incubation with homogenization step from an initial solution with WPI:PPI 
ratio of (a) 0:1, (b) 0.5:0.5 and (c) 1:0. Two different concentrations of GDL are shown – 1.25 and 1.5 %(w/w). The 
blue arrow shows the layer of pea in the bottom of the container. 

 

3.4.3 Homogenization Before or After Pre-Heating Step 
Then it was necessary to decide when it was best time to do the homogenization step: before or after 

the pre-heating step. When homogenization was done before the pre-heating step (Figure 3.40), it is 

possible to see that with 1.25% of GDL the final pH is closer to the desirable pH (4.8), independently 

of the incubation temperature used. Thus, the concentration 1.25% was chosen to use in the next 

experiments. 

1.25% 1.5% 1.25% 1.5% 1.25% 1.5% 

(c) (b) (a) 

1.25% 1.5% 1.25% 1.5% 1.25% 1.5% 

(c) (b) (a) 
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Figure 3.40 - Final pH of the gel when the homogenization was performed before the pre-heating. On the left, in 
green are the samples which were incubated at 25ºC and on the right, in orange, the ones that were incubated 
37ºC. Three different WPI:PPI ratios were analysed (1:0, 0.5:0.5, 0:1) and two different concentrations of GDL, 
1.25% in light green or orange and 1.5% in dark green or orange according to the incubation temperature, 25ºC 
or 37ºC, respectively. 

 

When the homogenization was performed after the pre-heating step (Figure 3.41), the incubation 

temperature lead to differences in the final pH and the final pH was higher when compared to the 

other procedure (Figure 3.40). 

 

Figure 3.41 - Final pH of the gel when the homogenization was performed after the pre-heating. On the left, in 
green are the samples which were incubated at 25ºC and on the right, in orange, the ones that were incubated 
37ºC. Three different WPI:PPI ratios were analysed (1:0, 0.5:0.5, 0:1) and two different concentrations of GDL, 
1.25% in light green or orange and 1.5% in dark green or orange according to the incubation temperature, 25ºC 
or 37ºC, respectively. 

 

Comparing both results, Figure 3.40 and Figure 3.41, it is possible to see that by doing the pre-heating 

first the final pH is, in general, higher than 4.8 (desirable pH), what doesn’t happen if the 

homogenization is done first. Thus, from now on it was decided to performed the homogenization 

before the pre-heating step. 

 

Looking to Figure 3.42 and Figure 3.43, from both procedures (homogenization before and after the 

pre-heating, respectively) it is possible to conclude that with the homogenization after the pre-heating 

step and by having a faster acidification rate (at 37 ºC), the gel structure is different. In the last case 

(Figure 3.43) a lot of syneresis was formed and the gel shows holes on it, which was another reason 

to choose the first procedure.  
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Figure 3.42 - Gels formed after 24h in incubation with homogenization before the pre-heating step from an initial 
solution with WPI:PPI ratio of (a) 0:1, (b) 0.5:0.5 and (c) 1:0. Two different concentrations of GDL are shown – 
1.25 and 1.5 %(w/w) as well as the two different incubation temperatures (25ºC and 37ºC).  

 

Figure 3.43 - Gels formed after 24h in incubation with homogenization after the pre-heating step from an initial 
solution with WPI:PPI ratio of (a) 0:1, (b) 0.5:0.5 and (c) 1:0. Two different concentrations of GDL are shown – 
1.25 and 1.5 %(w/w) as well as the two different incubation temperatures (25ºC and 37ºC). 

 

Another thing that we wanted to define was the incubation temperature. It was chosen 25ºC due to an 

acidification more controlled at this temperature and the absence of syneresis. 

 

3.4.4 Selection of Pre-heating Time  
Three different pre-heating times were tried, 10, 20 and 30 minutes and in the end the temperature of 

the solution was measured. After 24 h of incubation was analysed the final pH (Figure 3.44), the 

amount of syneresis (Figure 3.44) and the firmness of the gel with the texture analyser (Figure 3.45).  

To see the effect of the heating time, the final temperature of the samples was measured after the pre-

heating. From these measurements, it was seen that the final temperature didn’t change much with 

the heating time, being always around 90 ºC. Considering the final pH, the trend was quite the same 

for all the pre-heating times, even though it decreases with the presence of WPI. The differences in 

(c) 

(b) (a) 

(c) 

(b) (a) 
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final temperature or pH were not significant and the firmness of the gel when only whey protein was 

present decreased a lot with 10 min but between 20 or 30 minutes was very similar. Besides that, was 

observed an increased in syneresis with the increase of heating time in the samples with only whey 

protein, so 30 minutes was not a good option since it was already a lot of syneresis being formed. On 

the other hand, 10 minutes was not the way to go since the final temperature could change a lot with 

the volume used. Thus, was chosen 20 minutes as pre-heating time. 

 

Figure 3.44 - Final pH of the gel on the left, and amount of syneresis, on the right, for the 3 different WPI:PPI 
ratios, 0:1 (green), 0.5:0.5 (orange) and 1:0 (blue), and for 3 different pre-heating times (10, 20 and 30 minutes). 
Gel obtained by the addition of 1.25% (w/w). 

 

 

 

 

 

 

 

 

3.4.5 1.0 and 1.25% (w/w) of GDL 
Finally, with the conditions previously established,  was decided to try also 1.0 % (w/w) GDL in order 

to see if the final pH was closer to 4.8. Besides that, 5 different ratios of WPI:PPI (1:0, 0.75:0.25, 

0.5:0.5, 0.25:0.75 and 0:1) were tested in order to have a better overview in the influence of pea in the 

gel structure (Figure 3.46).  

Figure 3.45 - Force at breakpoint of samples exposed 10, 20 or 30 minutes to a pre-heating step. Three different 
ratios of WPI and PPI were analysed and only one GDL concentration (1.25 % w/w). 
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Figure 3.46 - Final pH of the gel on the left, and amount of syneresis, on the right, for the 5 different WPI:PPI 
ratios (1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1) and 1.0% and 1.25% of GDL in green and blue, respectively. 
These experiments were performed with an incubation temperature of 25 ºC and a pre-heating time of 20 min in a 
water bath at 95 ºC. 

 

While with 1.25 %(w/w) the final pH was under 4.8 and then too acid, with 1.0 % (w/w) it is above and 

for some ratios of protein it remains too high. Regarding the amount of syneresis, something curious 

happen. When there is 75% and 50% of whey protein there is no syneresis being formed while in the 

rest there is (Figure 3.46). Comparing only the ratios were the syneresis is formed when only whey 

protein is present and in the addition of 1.0% of GDL, exists a big amount of syneresis. However, 

when the GDL concentration increases the amount of syneresis drop, almost reaching the same 

amount as the samples with more pea protein, where there is almost no difference between the GDL 

concentrations. Thus, the concentration of GDL seems to have an effect in the water holding capacity 

of the whey proteins when they are not mixed with other proteins. The WHC of these proteins seem to 

increase with the increase of GDL concentration. Comparing the different WPI:PPI ratios is not 

possible to take a conclusion out of it since the results don’t show a trend. As it is possible to see in 

Figure 3.47, the samples with more pea protein don’t form a gel, only a really viscous solution. In that 

graphic, it is possible to see that the firmness of the gel shows an exponential decrease with 

increasing of pea protein concentration.  

 

 

 

 

 

 

Figure 3.47 - Force at breakpoint of samples with different WPI:PPI ratios and two different GDL concentrations, 
1 % in green and 1.25 %(w/w) in blue. These samples passed through a homogenization at 400/50 bar, followed 
by a pre-heating step at 95ºC for 20 minutes and incubated at 25ºC for 24 h. 
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3.5 Stirred Yoghurt 

The last set of experiments is the stirred yoghurt made by running a fermentation with acid lactic 

bacteria. The preparation of the samples before the fermentation was done with the procedure defined 

during the GDL experiments. 

3.5.1 Effect of the Starting pH 

As a first approach, two initial pH values, 7.1 and 7.4, were tested. 

 

Visual Appearance 

The increase in pea protein content in the samples led to a decrease in particle size that is possible to 

see in Figure 3.48. Even though the increase in yellow colour is not that much visible in the picture, 

was another effect of adding pea protein to the mixture. 

 

Acidification rate 

The pH was followed during the fermentation and in the Figure 3.49 is represented the acidification 

rate of the different WPI:PPI ratios and the two different pH values (7.1 and 7.4). From there, it is 

possible to see that the acidification rate was faster as more pea protein was present. Nevertheless, 

these differences are less visible if the starting pH is 7.4.  

Figure 3.48 – Samples from the fermentation at 42 ºC. Three different WPI:PPI ratios, 1:0, 0.5:0.5 and 0:1, from 
left to right, respectively and two different initial pH values (7.1 and 7.4) were studied. 
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Figure 3.49 - Acidification rate during the fermentation of yoghurt, which contains milk (3.5% w/w of protein 
content) supplemented with 2 %w/w of WPI or PPI. From the light blue or orange to the dark blue or orange is 
represented the WPI:PPI ratios of 1:0, 0.5:0.5 and 0:1. In the graphic on the left (blue) are represented the 
samples that were adjust to pH 7.1 and on the right (orange) are the samples adjusted to pH 7.4. 

 

Texture 

The firmness of the yoghurt was analysed using a texture analyser. From this analysis was possible to 

conclude that by starting at pH 7.4 the firmness was higher when compared to pH 7.1 and this 

difference was higher when only whey was present. This may be due the fact that k-CN above pH 6.9 

starts dissociating from the casein micelles and interact with the whey proteins, specifically with b-Lg 

and this level of dissociation was reported to increase with the increase of pH. [14] Thus, the 

aggregation is higher at pH 7.4 than pH 7.1 

 

 

 

 

 

 

 

 

Informal Tasting Session 

Since the yoghurts with pea protein present showed a surprising creaminess it was decided to taste 

the yoghurts obtained from this set of experiments. Comparing the different compositions in protein, it 

was observed a very creamy yoghurt in the presence of pea protein whereas when only whey protein 

was present the structure was not homogeneous and was lumpy, similar to cottage cheese. The 

appearance of lumps in the presence of whey proteins suggest that the heating treatment was too 

harsh for these proteins, which have a lower denaturation temperature when compared to pea 

Figure 3.50 - Maximum force (gramme-force) achieved in the texture analyser. Three different WPI:PPI ratios 
(1:0, 0.5:0.5 and 0:1) were studied for the two different initial pH values (7.1 and 7.4) 
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Figure 3.51 - Sensory profile of 6 different yoghurts. They differ in WPI:PPI ratio (1:0, 0.5:0.5 and 0:1) as well as 
in the starting pH (7.1 or 7.4) 

proteins. A possibility to decrease this effect is to add fat to the yoghurt, which will break the texture 

and maybe lead to a smoother yoghurt when whey protein is present. However, in the presence of pea 

protein the fat may have a negative impact since the yoghurt obtained in the presence of this protein 

was already very soft and, thus the presence of fat can lead to a very liquid yoghurt. 

The presence of pea protein brings the downside of the cardboard taste and the astringency, which 

will be later try to mask with some flavours. Comparing both starting pH values, it was observed that at 

pH 7.4 the astringency and the pea flavour were less intense than at pH 7.1. Thus, the next 

experiments will be done with the starting pH of 7.4 The summary of the main characteristics is 

described in Figure 3.51.  

 

 

 

 

 

 

 

 

 

 

3.5.2 Overview with 5 Different WPI:PPI Ratios at pH 7.4  

Based on the feedback of the tasting and in the gel stiffness of the previous set of experiments it was 

decided, from now on, to use as starting pH the pH 7.4 and to do the 5 different ratios of WPI:PPI to 

have an overall view of the effect of the pea protein. 

 

Acidification rate 

With five different WPI:PPI ratios and thus having a better overview on what is really happening it was 

possible to confirm the previous results where the acidification rate was faster as more pea protein 

was present. Comparing to the previous results (Figure 3.49), it is also possible to see that the 

acidification rate of the sample with only whey protein in this case (Figure 3.52) is much more slow 

than the previous experiments. Moreover, when some pea protein is added to the system, the 

acidification rate dramatically changes. It is noteworthy that when it is present more than 50% of pea 

protein the acidification profiles don’t suffer further changes with the addition of more pea protein. 
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Texture Analysis 

In the texture analysis is possible to see that from the point that the pea protein is added to the system 

the texture becomes completely different. It becomes much less firm and creamier with the pea protein 

present and less lumpy (as it is in the presence of whey protein). It is possible to see, as it was seen in 

the acidification rate, that with ³50% of pea protein the gramme-force doesn’t suffer further changes. 

 

 

 

 

 

 

 

CLSM 

In CLSM pictures from samples with initial pH 7.4, it is possible to confirm the texture observed before. 

When more whey protein is present it is possible to see large protein aggregates (orange arrow), 

confirming the lumps that where visible in the yoghurt and then felt as well in the informal tasting. With 

the increasing of pea protein concentration (≥ 50% of the total protein content), the structure becomes 

more homogenous, with much smaller particles, which explains the creaminess observed in the 

corresponding yoghurt. In the presence of pea protein, it is still visible some insoluble particles 

characteristic from PPI (orange circle). 

Figure 3.52 - Acidification rate during the fermentation. From the light to dark orange are represented the 
WPI:PPI ratios of 1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1. 

Figure 3.53 - Maximum force (gramme-force) achieved in the texture analyser. Five different WPI:PPI ratios (1:0, 
0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1) were studied for the initial pH 7.4 
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.  

Figure 3.54 – CLSM pictures from the fermentation at 42ºC done to five different WPI:PPI ratios. From left to right 
is 1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75 and 0:1 ratio of WPI:PPI, respectively. The arrow shows the large protein 
aggregates and the circle the insoluble particles from the PPI. 

Informal Tasting Session 

Firstly, the samples were tasted without the addition of flavours and it was confirmed the structure 

observed in the CLSM (Figure 3.54); more lumpy and dry in the presence of whey protein and an 

increase on creaminess with the addition of 50% or more of pea protein. However, with the pea 

protein came as well the cardboard taste and astringency associated to plant proteins, as it was 

already concluded in the previous informal tasting (3.5.1 - Effect of the Starting pH – Informal Tasting 

Session). 

In order to see if it was possible to mask the pea taste and aroma, to the yoghurt with 2% of pea 

protein, were added different flavours commonly used in the food products. Sometimes in addition to 

the flavours sugar and/or cream was also added. A summary of the effects of each flavour is 

presented in Table 3.4. From this tasting, it was concluded that raspberry and lemon were the 

flavours, among the flavours experienced, that better masked the pea flavour. A third flavour was also 

identified to be good masking the pea flavour, even though was not consensual this opinion. Thus, a 

new series of yoghurt will be made using these 3 different flavours.  

Table 3.4 - Summary table with the effects of each flavour in the yoghurt with 2% of pea protein. When sugar was 
added was in 2% of concentration and the cream (35% fat) was added in order to have a total fat content of 1.5%. 

 

Flavour added 0.1% (20µl/20g ) Sensory evaluation 
Choc de Lange 071C008.01.0 Chocolate aroma, chocolate and pea taste 
Vanilla Givaudan 505726 A7 Mask pea taste 

Vanilla de Lange 071V001.03.0 

Vanilla aroma and taste;  
with 2% sugar: a more rounded profile;  
with 1.5% added fat from cream: the vanilla flavour was too 
intense 

Milk chocolate flavour L126023 Givaudan 
Aroma and taste of pea;  
not improving with 2% sugar 

Chocolate flavour EQ 750-437-4, Givaudan 
Chocolate aroma and taste;  
with 2% sugar: sweet: chocolate taste;  
with 1.5% added fat from cream: chocolate aroma and taste 

Strawberry NR 007-967-7 Givaudan Pea aroma, strawberry taste 

Lemon flavour502142T Firmenich 
Lemon aroma and taste, masks pea very well;  
with 2% sugar: good fit; pleasant 

Pineapple SC 343-078-3 Givaudan Pineapple aroma and taste, pea taste comes later 

Banana CD53114 Givaudan 
Banana aroma and taste;  
with 2% sugar: banana taste 

Raspberry ZG 705-707-5 Givaudan 
Nice raspberry, flower-like aroma and taste. Masks the pea 
very well 
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3.5.3 Different Protein Sources with Flavours 

Based on the results from the previous experiment where different flavours were tried it was decided 

to do yoghurt with three different flavours (strawberry, raspberry and lemon) and sugar added (2%). 

Thus, instead of the 3 or 5 different ratios of proteins that were common to do in each experiment of 

this work, it was made yoghurt with only pea and it was decided to try three different sources of protein 

– the PPI-A (the one used in the rest of the present work), PPI-B and the PPI-C. It was done a 

duplicate of each sample without the sugar. 

 

Acidification rate 

The acidification rate was faster for PPI-A and PPI-C and it seems to be, in general, faster in the 

presence of sugar.  

 

 

 

 

 

 

 

 

 

Texture Analysis 

Looking into the texture, all the yoghurts from the different sources are very soft and really weak gels. 

Nevertheless, they were really creamy and showed a good texture (viscosity) at visual appearance. 

The PPI-C in the presence of sugar is the more viscous one and the thinner yoghurt was that made 

with PPI-A in the presence of sugar as well. It seems to exist a relation between the viscosity of the 

yoghurt and the acidification rate (Figure 3.55); This results suggest that as faster the acidification is, 

the strongest and more viscous is the yoghurt. 

 

 

 

Figure 3.55 - Acidification rate during the fermentation for systems with 2% of PPI from three different protein 
sources – PPI-A (green), PPI-B (blue) and PPI-C (orange). It was study the acidification rate in the presence or 
absence of 2% of sugar, being represented, respectively, in dark or light of the correspondent colour. 
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Informal Tasting with Flavours 

The flavours were added in 0.1% (w/w). The conclusions from the tasting were that the lemon and 

raspberry mask very well the pea taste, even though the lemon peel flavour was too strong (the 

concentration need to be lower). In the other hand, the strawberry didn’t mask that much the pea 

flavour, opposite to the expectation.  

With the PPI-C the pea flavour (however a different pea flavour compared to PPI-A) was stronger and 

bitter when compared with the other protein sources. The PPI-B even though was not so bitter as the 

PPI-C, the flavour was not pleasant.  

 

Visual Appearance 

The samples were kept for few days in the fridge to control the stability and the emergence of 

syneresis. It was observed a formation of syneresis overtime in the yoghurt made without sugar with 

the PPI-B. As is possible to see in Figure 3.57, the appearance of syneresis increased as the days 

passed. This can be related to the protein content of the difference sources, since the PPI-B is the one 

with the lowest protein content and thus the network created can be weaker. However, the formation 

of syneresis was only observed in the yoghurt without sugar. In the presence of sugar after 4 days of 

storage it was possible to see a slightly decrease in the firmness of the gel but no syneresis was 

formed. 

 

Figure 3.57 – Visual appearance of the yoghurt made with the PPI-B at (a) day 0, (b) day 1 and (c) day 4. From 
left to right in each picture is represent the yoghurt with lemon flavor, raspberry flavor and with no flavor.  

(a) (b) (c) 

Figure 3.56 - Force (gramme-force) measured in the texture analyser for yoghurts from different protein sources: 
PPI-A (green), PPI-B (blue) and PPI-C (orange). The dark and light of which one of the protein sources represent 
the fermentation with or without 2% sugar, respectively.  
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4 CONCLUSIONS AND RECOMMENDATIONS 
The main goal of this project was to relate the molecular interactions in proteins blends between 

animal and vegetable proteins to their macroscopic functionality. Even though the interest in plant 

proteins as substitutes of animal-based proteins as increased, knowledge on their functional 

properties still very limited and need further research. Besides their lack of functionality (low solubility) 

when compared to animal proteins, presence of off-flavours and anti-nutritional compounds, their use 

is beneficial due to the low price, high availability and safety (no danger of animal related diseases). In 

this research, the focus was between whey and pea proteins, as source of animal and plant proteins, 

respectively. Functionalities such as emulsification, heat stability, acid-induced cold gelation and 

yoghurt formulation were studied by comparing the results of samples with different WPI:PPI ratios.  

In this research, the first functional property studied was the emulsifying property. Whey proteins are 

good emulsifiers widely used in food systems. Pea proteins were reported to form a thicker interfacial 

layer than dairy proteins and, thus, being good in stabilising emulsions [22]. The results indicate that 

with a protein:fat ratio of 1:5, the emulsions are more stable than with the other protein:fat ratios (1:0.5 

and 1:10). This was verified for the different WPI:PPI ratios tested, even though for this ratio (1:5) the 

third day was not analysed. However, with the other amounts of fat the emulsions seemed reasonably 

stable as well. In the presence of low fat content (protein:fat ratio of 1:0.5) the insoluble material from 

PPI started to dissociate along time, reducing the number of bigger particles. The increase of fat 

promoted aggregation and thus the particle size increased overtime. The particle size also increased 

with the increase in pea protein present on the system due to the presence of fibres, characteristic of 

PPI. The pictures obtained by CLSM showed that some oil droplets are not nicely separated. 

Nevertheless, it is possible to say that the emulsions are stable overtime, since the droplets remain 

small at day 3. In the CLSM pictures was also visible that the insoluble material as well as some 

protein aggregates started to appear as the pea protein was present. A way to improve emulsion 

stability and reduce the amount of insoluble particles would be to increase the homogenization 

pressure, even though is difficult to do it for higher fat contents. Another option, is expose the protein 

solution to a pre-heating step, before adding the fat. This pre-heating would have to be performed 

carefully, trying to reach the best conditions for both proteins, since they have different denaturation 

temperatures and heat stabilities. 

When b-Lg adsorbs to an interface, it partially denatures, leading to an exposure of its free sulfhydryl 

group, which once exposed is available to interact with free sulfhydryl groups or disulphide groups of 

other protein molecules. [69] Thus, it was possible that the free sulfhydryl group present in albumin 

interacted with whey proteins, contributing both for the emulsion stabilization. This was confirmed 

through RP-HPLC, where it is possible to observe that both proteins are present in the fat phase of 

emulsions (Figure 3.9 and Figure 3.10). However, further work is necessary to know which protein is 

actually making the primary layer around the oil droplets. 
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Other important functionality is the heat stability, since the food products are commonly exposed to a 

thermal procedure before being ready to consumption. The influence of the pH in the heat stability of 

the mixed system was studied, adjusting the pH of protein solutions to pH 6.5, 7.1 and 7.4. Pea 

proteins is a mixture of isoforms of vicilin, legumin and convicilin, which have different isoelectric 

points covering a range that goes from 4.8 to 5.5 [29]. From our results, we could conclude that pH 6.5 

was too close to the isoelectric point of some of them, which is why it promotes a large aggregation in 

the pea proteins and was discarded from the experiments (Figure 3.11). Besides, at pH 6.5 the 

heating seems to have no effect on reducing the amount of insoluble material with increasing heating 

time (Figure 3.12).  

In clinical nutrition, the products should have a certain composition providing energy to the patient. For 

that, the drinks use to have protein and minerals (salt and divalent cations), among other components. 

So, the heat stability of protein solutions in the presence of divalent cations at two different 

concentrations was studied. The system created in the presence of a small amount of calcium and 

magnesium (0.1 and 0.01%, respectively) was very instable, even making a gel in the presence of 

whey protein with only a protein content of 3.5 %(w/w). Thus, the work with the minerals need further 

development since in the presence of globular proteins, even in low concentration, create an instable 

system in the presence of calcium and magnesium. One way to create a stable system would be to 

mix globular proteins with casein micelles or to use insoluble calcium and magnesium salt, what could 

prevent the formation of a network and keep the proteins in suspension.  

The heat stability of protein solutions with different ratios of WPI:PPI and two different pH values (7.1 

and 7.4) was studied and analysed by visual appearance, SDS-PAGE and percentages of wet pellet 

and dry matter present in the pellet.  

Regarding the protein solutions in water with only whey protein, very transparent samples were 

obtained, showing an increase in turbidity and yellow colour as pea protein was added. Considering 

the SDS-PAGE results they were not always very consistent but they allow us to conclude that there 

were aggregates being formed in the samples with only whey protein even though they were not 

visible in the pictures and even they didn’t show any pellet after centrifugation. Thus, the aggregates 

were soluble. In general, it was observed in the SDS-PAGE, an increase on aggregation as the 

samples were more time exposed to heating and, usually, the band intensity decreased due to the 

formation of these aggregates. It was concluded that the insoluble material increased with the 

presence of pea protein since it was observed a decreased in band intensity in the supernatant 

samples (on the SDS-PAGE) and the percentage of dry matter in the pellet increased with the addition 

of PPI. The dry matter analysis allows us to conclude that both proteins were interfering on each other 

behaviour since the decrease in DM was not linear with the increase of WPI. Further work is needed 

to know how there are influencing their behaviour; either whey protein is preventing pea protein to 

dissociate or pea protein is promoting whey protein to aggregate on its own. Comparing both pH 

values, the effect of heating seems to be more effective at pH 7.4 concerning the amount of insoluble 

material. However, the amount of WPI or PPI in the system is less relevant at pH 7.4. 
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The same study was done in the presence of 50 mM of NaCl. It was observed an increase in turbidity 

when compared to the samples in water, as well as, an increase of aggregation, i.e, insolubility. This 

effect has already been reported and it was explained with negative charge neutralization on the 

unfolded protein by sodium ions or also by a screening of whey protein charges by the salt. [68] In the 

presence of NaCl, the pH or the heating time almost didn’t have an effect in the percentages of wet 

pellet or dry matter in the pellet. Comparing to the protein solutions dispersed in water it is possible to 

conclude that they have less moisture content in the presence of salt since the percentage of wet 

pellet is similar in both cases but then the dry matter is much higher in the presence of sodium 

chloride. Besides, something interesting happens; While in the presence of water the dry matter as 

well as the wet pellet decreases with the heating time for every ratio of proteins, when dissolved in 

50mM of NaCl the wet pellet and the dry matter in the pellet start to increase with heating time since 

more of 50% of the system was WPI. It was reported that the aggregation during heating in the 

presence of NaCl can be reduced if it is used protein already aggregated in the form of soluble 

aggregates instead of native whey proteins. Thus, soluble aggregates increased thermal stability. It 

was proposed by the authors that this effect can happen due to the reducing overall aggregate size 

and altering aggregate shape when soluble aggregates are used, thereby reducing final turbidity, 

viscosity and increasing solubility. [68] Based on this, one of the recommendations is to use soluble 

aggregates low chemical reactive (by reduce the amount of free thiol groups) instead of WPI. 

A RP-HPLC was developed to quantify the amount of protein present in the supernatant and in the 

whole solution samples. In the first trial the results were not good enough to allow the use of this 

method for the desired purpose; The samples where pea protein was present were overestimated. In 

the end of the internship this method was optimized and the overestimation problem was overcome. 

However, in the whole solution samples the amount of protein obtained was not the same as the initial 

concentration present in the protein solution, like it was supposed to. This can happen due to some 

inhomogeneity of the samples that lead to loss of protein during the pipetting. To reduce the 

aggregation, some suggestions are made: either using a flip-flop oil bath, which will prevent the 

formation of aggregates, instead of a static oil bath or try to use dipotassium phosphate (K2PHO4) or 

potassium citrate (K3citrate), which are two components used in dairy industry to prevent coagulation. 

Other recommendation is to analyse minute zero of the experiments and use this value as the “real” 

initial protein content. This method should be used in future work since is a good way to understand 

how much protein is actually aggregating and precipitating and which one is still soluble.  

 

The gelling properties were studied with acid-induced cold gelation and yogurt formulation. With the 

acid-induced cold gelation was possible, besides discovering which the best procedure to yoghurt 

formulation with lower costs, know the best GDL concentration to use in products produced with this 

king of gelation in order to know which one leads to a pH closer to 4.8. It was also good to find out 

which was the effect of pea protein in the gelation. 

From the set of experiment (with GDL) was concluded that both, pre-heating and homogenization, 

were necessary to prevent sedimentation and get firmer gels, respectively. Furthermore, it was 
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decided that the gelling properties were better with the homogenization step done before the pre-

heating since the other way around the final pH of the gel was higher than 4.8 (desirable pH). The pre-

heating step was defined to occur for 20 minutes since it was observed an increase of syneresis as 

the samples were more time exposed to the heat and 10 minutes (time that led to a lower amount of 

syneresis) could not be enough to guarantee the same final temperature, on the end of the pre-

heating, to all the samples if they didn’t have the same volume. It was confirmed that 37 ºC as 

incubation temperature was too high and so, the acidification was too fast which promotes an 

increased in syneresis and damage in the gel structure. It was concluded that the amount of GDL 

added to the protein solutions should be between 1 and 1.25 %(w/w) since the final pH was above or 

below 4.8, respectively. Moreover, as the pea protein is present in the system only very weak gels can 

be obtained. 

The procedure used in the yoghurt formulation was the one previously defined with the GDL 

esperiments and the fermentation was done at 42 ºC. Comparing the yoghurts made with different 

WPI:PPI ratios, it was possible to see a decrease in particle size and an increase in yellow colour as 

more pea protein was added. While the yoghurt made with more whey protein was very lumpy, similar 

to cottage cheese structure, the one with more pea protein was very creamy and smooth. The lumpy 

texture obtained in the presence of whey protein suggest that the heating treatment was too harsh to 

this protein, whereas for pea proteins seemed to be very helpful. A suggestion to overcome this effect 

is add some fat to the yoghurt since fat is a structure beaker. However, this could not work for pea 

protein, since the yoghurt in the presence of this protein already shows creaminess. Thus, the fat can 

lead to a too liquid yoghurt. This is, one of the problems associated with protein blends; what may be 

good for one protein, may be not for the other.  

The conclusions taken by visual appearance were then confirmed by CLSM, where it was possible to 

see the protein aggregates as more whey protein was present and then the decreasing of particle size 

promoted by the presence of ³50% of pea protein, which explains the creaminess of these yoghurts. 

(Figure 3.54). The acidification rate was faster as more pea protein was present. The relation between 

the acidification rate and the yoghurt firmness was not clear; When compared different protein ratios, 

the yoghurt was firmer as the acidification was slower. Whereas when looking for the same ratio but 

different protein sources or different conditions (presence of sugar or not), the faster the acidification 

rate, the stronger the “gel”.  

Two different initial pH values were tested, pH 7.1 and 7.4. From the informal tasting performed to 

these samples was concluded that the initial pH, in addition to have an effect on the firmness of the 

final product (firmer at pH7.4 than pH 7.1), it had a big impact on the final mouth feel perception. The 

taste from the yoghurts with the starting pH 7.4 was better when compared to pH 7.1. Besides the 

good structure of the yoghurts with pea protein, the flavour was not good; Cardboard taste and 

astringency were two characteristics of the pea protein yoghurts. Thus, it was made a trial with 

different flavours, reaching the conclusion that lemon and raspberry, among the flavours tried, were 

the ones that could mask better the pea flavour. Adding a little bit of sugar (2 %w/w) was also proving 

to help masking the off-flavour.  
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Furthermore, different PPI sources were tested and depending on that, the flavours masked better or 

worse the pea flavour. The PPI characteristics and the production process of the isolate have 

influence on the flavour, bitterness and texture of the yoghurt. The one with more protein content (PPI-

C) showed a bitter taste compared to the others. This one has also less fat content which can intensify 

the pea flavour felt on the tasting. The PPI-A was the one which showed a better mouth perception 

and taste. Comparing to the other two sources this (PPI-A) was the one with more fat content and less 

protein content. Moreover, the emergence of syneresis was followed by visual appearance for 4 days. 

The yoghurt made with the PPI-B showed formation of syneresis in day one, which increased 

throughout time. Since the texture obtained in the presence of pea protein was good, development on 

yoghurt with vegetable proteins should be continued. Tests with some extra fat added from cream to 

the yoghurt should be made to see the effect in the flavour perception. It is also recommended to try to 

increase the pea protein content and later try with other plant proteins. On a long-term plan, it is 

suggested to substitute the milk by a dairy analogue based on vegetable proteins and try to use stevia 

instead of sugar.  
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6 APENDIX 

6.1 Emulsions 

6.1.1 Particle Size 

 

Figure 6.1 - Particle size of emulsion with the ratio of protein:fat = 1:5 measured in different days of storage – day 0 in green and day 1 in orange. Five different WPI:PPI ratios 
were analysed; from left to right, in the top: 1:0, 0.75:0.25 and 0.5:0.5; from left to right, in the bottom: 0.25:0.75 and 0:1. 
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Figure 6.3 - Particle size distribution as function of the pea protein concentration for day 0 (left), day 1 (centre) and day 3 (right). D(0.1) in green, d(0.5) in blue and d(0.9) in 
orange. 
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Figure 6.2 - Particle size distribution as function of the pea protein concentration for day 0 (graphic on the left) and day 1 (on the right). D(0.1) in green, d(0.5) in blue and 
d(0.9) in orange. 
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Figure 6.4 - Particle size of emulsion with the ratio of protein:fat = 1:0.5 measured in different days of storage – day 0 in green, day 1 in orange and day 4 in dark blue. Five 
different WPI:PPI ratios were analysed; from left to right, in the top: 1:0, 0.75:0.25 and 0.5:0.5; from left to right, in the bottom: 0.25:0.75 and 0:1. 
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6.2 Heat Stability 

6.2.1 SDS - PAGE 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 - SDS-PAGE from the whole solution and the supernatant at 
minute 1, 5 and 10 of the heating step and at pH 7.4 from protein 
solutions dispersed in water. On the left WPI:PPI ratio of 0.75:0.25 and 
on the right 0.25:0.75. 

Figure 6.5 - SDS-PAGE from the whole solution and the supernatant at 
minute 1, 5 and 10 of the heating step and at pH 7.1 from protein 
solutions dispersed in water. On the left WPI:PPI ratio of 0.75:0.25 and 
on the right 0.25:0.75. 

Figure 6.7 - SDS-PAGE from the whole solution and the supernatant 
at minute 1, 5 and 10 of the heating step and at pH 7.1 from protein 
solutions dispersed in 50 mM NaCl. On the left WPI:PPI ratio of 
0.75:0.25 and on the right 0.25:0.75. 

Figure 6.8 - SDS-PAGE from the whole solution and the supernatant at 
minute 1, 5 and 10 of the heating step and at pH 7.4 from protein 
solutions dispersed in 50 mM NaCl. On the left WPI:PPI ratio of 0.75:0.25 
and on the right 0.25:0.75. 
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6.2.2 Percentage of Dry Pellet 

 

Figure 6.9 - Percentage of dry pellet from protein solutions dispersed in water at different heating times (represented from 0 to 10 min from dark to light blue, respectively) and 
5 different ratios of WPI:PPI, at pH 7.1 (left) and pH 7.4 (right). 

 

Figure 6.10 - Percentage of dry pellet from protein solutions dispersed in 50mM NaCl at different heating times (represented from 0 to 10 min from dark to light blue, 
respectively) and 5 different ratios of WPI:PPI, at pH 7.1 (left) and pH 7.4 (right). 
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6.3 Product Description 
6.3.1 Acid Lactic Bacteria 
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