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Abstract 
 

Whey protein denaturation and aggregation is a relevant event in processes in the dairy 

industry, in controlling the textural properties of a product (e.g., yoghurt), process control and 

optimization (e.g., fouling of heat exchangers) and in the preparation of milk protein ingredients 

(e.g., microparticulated whey proteins). In addition, whey proteins are added into a wide variety of 

non-dairy food products submitted to heat (e.g., caramels and clinical foods) and high pressure 

treatments.  

In the presence of high carbohydrate concentration, whey proteins are within a complex 

system wherefore predicting thermal denaturation and aggregation behavior cannot simply be 

extracted from comparable effects occurring in milk or whey. To provide reliable information, the 

influence of carbohydrates on the denaturation and aggregation of whey proteins was assessed in 

this work. The thermal behavior of whey proteins in the presence of carbohydrates strongly deviates 

from that under normal conditions whey. The same was not true for high-pressure treatment, less 

effective in denaturing whey proteins. Both concentration and type of carbohydrate can be used to 

tailor the heat-induced aggregation of whey proteins and thus allow the development of particles of 

tailored size and properties. 

The influence of potassium iodate, a sulphydryl-oxidizing agent, and calcium chloride on the 

thermal denaturation of whey proteins was tested with the same purpose. Potassium iodate showed 

no significant influence on the denaturation of the whey proteins. The presence of CaCl2 led to gel 

formation upon heat treatment, which hardness was dependent on the CaCl2 concentration and the 

solution pH. 
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Resumo 

Resumo 
 

 A desnaturação e agregação de proteínas do soro do leite (PSL) são relevantes na 

indústria de lacticínios, controlo e optimização de processos (e.g., entupimento de permutadores 

de calor), no controlo de propriedades e textura do produto (e.g., iogurte) e na preparação de 

ingredientes à base de PSL (e.g., micropartículas de PSL). Estas proteínas são adicionadas a 

diversos produtos não necessariamente lácteos, submetidos a tratamento térmico (e.g., caramelos) 

ou a tratamentos de alta pressão.  

Na presença de elevadas concentrações de hidratos de carbono (HC), as PSL encontram-

se num sistema complexo e o seu comportamento não pode ser extrapolado de fenómenos 

ocorrentes no leite ou no soro. Para compreender tais processos e como utilizá-los no controlo e 

processamento de produtos, avaliou-se a influência de HC nos fenómenos de desnaturação e 

agregação de PSL. O comportamento térmico das PSL na presença de HC desvia-se 

significativamente daquele que é o seu comportamento no soro, contrariamente ao tratamento de 

alta pressão, ineficaz na desnaturação das proteínas. A concentração e o tipo de HC permitem 

controlar a agregação proteica induzida pelo calor, e ajustar as dimensões e propriedades de 

partículas para uma dada aplicação.  

Com o mesmo objectivo, a influência de iodeto de potássio e cloreto de cálcio foi também 

analisada. O iodeto de potássio não influenciou significativamente os fenómenos consequentes à 

desnaturação das PSL. Na presença de cloreto de cálcio e após tratamento foram obtidos géis cuja 

maciez se verificou dependente da concentração de CaCl2 e do pH da solução proteica.  
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Introduction 

1. Introduction 

Whey is a by-product of cheese-making and casein manufacture in the dairy industry. After 

the casein curd separates from the milk, the remaining watery and thin liquid is called whey. Whey 

can be obtained from any type of milk, with cows´ milk being the most popular in western countries 

[1].  

A comparison of the proximate analysis of bovine milk and whey is presented in Table 1.1. 

Table 1.1 - Comparison of the composition of bovine milk and whey [2] 

Component 
Content %(w/v) 

Milk Whey 

Casein protein 2.8 <0.1 

Whey protein 0.7 0.7 

Fat 3.7 0.1 

Ash 0.7 0.5 

Lactose 4.9 4.9 

Total Solids 12.8 6.3 

 

Whey was discovered 3000 years ago when calves stomachs were used to transport milk. 

Through the action of the naturally occurring enzyme chymosin found in calves’ stomachs, the milk 

coagulated during storage and transport, resulting in curds and whey, and as such spawned the 

start of the cheese industry [1]. Despite considered as a medicinal agent in the 17th and 18th century 

[1], whey came to be regarded as waste of the dairy industry that was disposed of as effluent or as 

animal feed [2].  

In the late 20th century, restricted environmental regulations prevented disposal of untreated 

whey. Lactose is the whey component that contributes most to whey being considered one of the 

most pollutant food by/co-product streams, with a biochemical oxygen demand (BOD)  higher than 

35 000 ppm and a chemical oxygen demand, CQO, over 60 000 ppm [3, 4].   

Simultaneously, the dairy industry realized that whey represents an excellent source of 

functional and nutritional proteins and peptides, lipids, vitamins, minerals and lactose, which have 

helped to transform whey from a waste material to a valuable dairy stream [1].  

Regarding these facts and their functional roles, whey proteins have been used as  

ingredients in food systems, such as processed meat, bakery and dairy products [5], usually 

combining nutrition with other functional properties.   

During the processing of food, proteins used as food ingredient might be exposed to a wide 

range of processing steps that can include thermal treatment (pasteurization, sterilization), shear 

(pumping, mixing, homogenization), pressure (high pressure processing), among others [6]. Such
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 processes modify functional properties of the proteins and thus the functionality and the 

characteristics of the final product. The main changes that a protein may undergo derive from 

protein denaturation and may include changes in sulphydryl interactions, modification of secondary, 

tertiary and quaternary structure and shifts in the hydrophilic/lipophilic balance [7].  

 In this way, predicting physical properties of functionality ruled by denaturation is of greater 

importance as the demand for such highly specialized ingredients is increasing [8]. 

1.1.  Literature Review 

1.1.1. Structure of whey proteins 

There are four main classes of proteins in whey: β-lactoglobulin, α-lactalbumin, serum 

albumin and several immunoglubins.  Most of these proteins have a globular conformation and are 

susceptible to denaturation and aggregation induced by heat and high pressure. Comprehension of 

whey proteins structure and stability is crucial, as the effects of pressure and temperature are of 

great importance to facilitate the knowledge-based product design.   

Bovine β-Lactoglobulin 

β-lactoglobulin (β-lg), which represents approximately 50% of the total whey protein, is 

produced in the mammary gland and secreted in milk. β-lg is a globular protein which is extremely 

acid stable. It contains 162 amino acids, one free thiol group and two disulphide bridges and a 

molecular weight of 18.3 kDa. Its isoelectric point is 5.1. There are ten known genetic variants 

identified in bovine milk. The most abundant variants are designated  β-lg A and β-lg B, occurring at 

almost the same frequency [9, 10]. Single amino acids differences for these two variants are at 

residues Asp64Gly and Val118Ala [6].  

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

depending on the pH, temperature and ionic strength. The dimer is the prevalent form under 

physiological conditions [6]. While dissociation into monomers is enhanced by low protein 

concentration, low ionic strength, extreme pH and temperature increases; octamer formation occurs 

around pH 4.6, for temperatures lower than 20ºC [2]. This variable state of association results from 

a delicate balance among hydrophobic and electrostatic interactions and hydrogen bonding 

interactions [6]. 

β-lg belongs to the lipocalin family of proteins, which all contain a β-barrel composed of 

antiparallel β-sheets (Figure 1.1). In β-lg, each β sheet has one hydrophobic side and a hydrophilic 

side. The two hydrophobic sides face each other creating a hydrophobic cavity [8]. 

The structures of the A and B variants are very similar. However, the Asp64Gly substitution 

results in a different conformation acquired by the protein, which results in a less well packed 

hydrophobic core of the variant B. This may account for the lower thermal stability when compared 

with variant A [6]. 
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Figure 1.1 – Structure of β-lactoglobulin 

At neutral pH, the midpoint of the thermal unfolding transitions, determined by differential 

scanning calorimetry (DSC), is approximately 70ºC [6]. Sava et al [8] found that irreversible 

denaturation occurs at 70-75ºC as unfolding occurs and aggregation causes loss of solubility at 78-

82ºC.  

Protein unfolding exposes the free thiol group and hydrophobic residues, leading to the 

possibility of a variety of covalent and hydrophobic intermolecular associations and in mixtures 

containing all whey proteins, homo- and heteropolymeric disulphide-bridges may be observed [6]. 

β -lg is the whey protein most susceptible to pressure-induced changes. Exposure of the 

protein to pressures in excess of approximately 300 MPa causes irreversible changes to the β-lg 

tertiary and quaternary structure. However, in this case, in a whey protein mixture, aggregates 

resulting from intermolecular disulfide bridges are homopolymeric and result from the association of 

only β-lg molecules [6], in contrast to heat induced mixtures where heteropolymers may be detected 

[11].  

Bovine α-Lactalbumin 

α-lactalbumin (α-la) is a globular 123-amino acid, 14.2 kDa protein found in the milk of all 

mammals and plays an important role in the lactose biosynthesis [6].  There are three genetic 

variants, A, B and C but only variant B is found in the milk of western cattle. 

The α-la B variant has a similar structure to that of lysozyme, with which shares significant 

homology [6]. In the molecular structure it is possible to distinguish the α and the β lobes. The first 

consists of three α helices and two short 310-helices while the β lobe is composed of 3 stranded β-

sheets and a short 310-helix. The structure is stabilized by four disulfide bonds. No free thiol group 

exists.  

The holo-α-la undergoes thermal unfolding at a lower temperature than does β-Lg, the 

calcium ions confer stability to the tertiary structure and accelerates the refolding of the protein [8].  
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The absence of a free thiol group hinders irreversible structural and functional changes 

induced by high pressure. Reversible unfolding begins at 200 MPa and loss of native conformation 

becomes irreversible beyond 400 MPa. 

Bovine Serum Albumin 

Serum albumin is a 582-amino acid residue protein that is found in both blood serum and in 

the milk of all mammals. It is the only whey protein that is not produced by the mammary gland, 

entering the milk by passive diffusion from blood streams [8]. Its biological function is related to the 

transport of fatty acids across membranes.  

Bovine serum albumin (BSA) accounts for approximately 5% of the protein in whey and 1% 

of the total protein in milk. Due to its low concentration, BSA does not have a large effect on 

functional properties [8]. 

The three dimensional structure of BSA has not been yet determined, although it shares 

75% sequence identity with human serum albumin (HSA) which is well characterized.  The structure 

consists of three domains stabilized by 17 disulfide bonds and one free thiol group. Each domain 

has two-domains, A and B. The structure is mainly α-helix, with several lengthy loops connecting 

both sub-domains A and B. 

At temperatures above 60ºC, α-helices unfold irreversibly and the free thiol group catalyzes 

aggregation. When heated above 70ºC gelation might occur due to the high concentration of 

disulfide bonds in BSA, as long as there is a concentration substantially higher than the naturally 

found in whey.  

BSA is relatively stable to high pressures (800 MPa), despite the presence of a free thiol 

group. BSA undergoes substantial secondary structure changes but, contrary to β-lg, the changes 

are reversible, apparently due to the protection of the hydrophobic core of the protein by the large 

number of disulfide bonds [6].  

Immunoglobulins 

 The immunoglobulin (Ig) fraction is a complex heterogeneous mixture of large glycoproteins 

which possess antibody activity.  Ig accounts for approximately 2% of total milk protein and 10% of 

whey protein. With molecular weights ranging 180,000 – 900,000 Da, there are four classes of 

immunogloblulins in bovine milk: IgM, IgA, IgE and IgG [8], the latter class is subdivided into IgG1 

and IgG2 and are found in milk in monomeric form while the others are found in polymeric form. 

IgG1 is the main Ig class in bovine milk, representing about 80% of total Ig [2]. 

Two heavy and two light chains mainly consist in β-sheet structures [6] and are linked by 

disulphide bridges. 
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1.1.2. Whey protein products 

The majority of whey is processed into whey powder. Whey derivates are used as 

ingredients in a wide range of products, with the lowest valuable ones used predominately by the 

feed industry. Derivates with higher value, such as whey protein concentrate (WPC) and whey 

protein isolates (WPI) are produced for the food, cosmetic and pharmaceutical sectors.  

Upon concentration or isolation, water, lactose, fat and ash are removed from the total solids of 

liquid whey in varying amounts. This yields a wide variety of whey protein products, including WPC, 

which contains 25-80% protein, and WPI containing ≥90% protein [12]. 

Powder Manufacture 

There are two basic types of whey: sweet whey, originating from manufacture of cheese 

and casein production by the rennet coagulation of milk, and acid whey, resulting from processes 

based on destabilization of the milk casein colloid by acidification to bellow pH 5.0 [13].  Sweet 

whey and acid whey are generally distinguished by their pH values, which are pH>6.4 and pH 4.6-

6.4, respectively [14]. 

The protein content of liquid whey streams is approximately 0.6-0.9% [15], and it must be 

concentrated or isolated prior to drying into a powder form for use as a food ingredient [16]. A dry 

powdered form of the WPC and WPI are often produced from the concentrated liquid whey by spray 

drying. Spray drying involves the atomization of the liquid whey, after which, it is introduced into a 

chamber with dehydrated hot gas, where water evaporation occurs [17]. Alternatively, the liquid 

whey concentrate can be freeze-dried by a method involving a deep freeze followed by sublimation 

of water to powder form. However, this method is not commonly used due to the relatively high cost 

of the freeze drying process [18]. 

Whey proteins may be concentrated by milk microfiltration, before cheese production. This 

would prevent changes on their native conformation since they would not be exposed to heat 

treatment or to additives such rennet, salt and coloring agents. This also represents a benefit for 

cheese production since casein content in cheese milk would increase, thereby decreasing the 

coagulation time [19].   

Whey protein concentrate 

WPC is defined by the United State Code of Federal Regulations as “the substance 

obtained by the removal of sufficient non protein constituents from whey so that the finished dry 

product contains not less than 25 percent protein”. 

Most WPCs on the market contain either 34–35% protein (WPC35) or ~80% protein 

(WPC80) being the application dependent on the protein content.  

WPC35 is used in the manufacture of yogurt, processed cheese, infant formulae, and in 

various bakery applications, combining the effects of protein, lactose and minerals. These products 
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are also marketed for use in stews and sauces because of their thickening properties, as well as 

nutritional benefit. 

WPC80 is designed for applications in which proteins play a dominant functional role. 

Applications such as gelation, emulsification and foam formation are often mentioned for these 

products. The low carbohydrate content of WPC80 makes it an ideal ingredient for sports nutrition 

and weight management products. Another application for WPC80 is in meat products, where high 

gel strength and good water-binding properties are required [12]. 

Whey protein isolate 

WPI contains ~90% protein and 4–6% water. The remaining 4–6% of the ingredient is a 

combination of fat, lactose, and ash. Because of their high protein purity, WPI is used extensively in 

nutritional supplements, sports and health drinks, and protein-fortified beverages. Ion exchange 

chromatography is one of the methods used in the manufacture of WPIs. It provides an additional 

level of selectivity above membrane processing, because factors other than molecular size 

determine protein adsorption.  

Because of the high protein content, WPI functions as a water-binding, gelling, emulsifying 

and foaming agent. There are several ways in which processors can adjust the composition and 

functionality of these ingredients. For example, the amount of individual proteins can be varied. 

Some isolates contain glycomacropeptide (GMP), while others do not. GMP is released to whey 

during cheese manufacturing when the process relies on the use of chymosin to form the casein 

curd [12]. 

1.1.3. Whey proteins as food ingredients 

Nutritional Value 

Whey proteins have an exceptional biological value (BV), which is a measure of the 

percentage of a given nutrient (e.g. protein) that is utilized for the body. In the case of proteins, the 

BV represents the amount of nitrogen retained of the absorbed protein. The net protein utilization 

(NPU) is a function of the nutritional value and the digestibility of the protein [20]. Whey proteins are 

known to be of high nutritional value for their high concentration of essential amino acids and good 

digestibility, resulting in high NPU [21]. In this regard, whey proteins are the choice for body builders 

and elite athletes.  

Whey proteins are an optimal source for fortification, predominantly because they are rich in 

several essential amino acids, including isoleucine, leucine, threonine, tryptophan and valine, one 

or more of which are lacking in most grain- and vegetable-based proteins [21]. Isoleucine, leucine 

and valine play a role as metabolic regulators in protein and glucose homeostasis and in lipid 

metabolism [22-25]. Several nutritional studies have shown that proteins have stronger satiating 

effect when compared to carbohydrates and fats. This, combined with regulatory roles, make high 
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protein foods to be considered as a potential candidate for body-weight control and obesity 

treatment [26].  

Whey protein is a rich and balanced source of the sulphur amino acids (methionine, 

cysteine) that play a critical role as anti-oxidants, as precursors to the potent intracellular anti-

oxidant glutathione, and in one-carbon metabolism [27]. 

 

Bioactivity of whey proteins 

Functional foods are those that provide a specific health benefit to the consumer over and 

above their nutritional value [1].  Recently, the bioactivity of food products has gained a prominent 

place in order to meet a consumer demand for foods that enhance health and wellbeing. Bioactive 

peptides have gained the nutritional spotlight for their many nutritional roles at the molecular level. 

These peptides are synthesized within the cell. In addition to promoting tissue generation, which is 

a function of all proteins, bioactive peptides are thought to have significant physiological effects on 

the immune, cardiovascular, nervous and gastrointestinal systems [28].  

Whey contains multiple biologically-active proteins and peptides with potent bioactivity. 

These are released by enzymatic activity during digestion. Bioactive peptides may be produced 

during processing, by applying controlled hydrolysis, and be included in food products. Bioactive 

peptides from whey proteins have anti-cancer effects and growth-factor, antimicrobial and immune 

activities. They also play a role in tissue development and, for this particularly, the physiological 

activity of lactoferrin should be highlighted, as it has a potent bone growth-enhancing properties. 

These earlier bioactive functions  are extremely important in elderly diets, since protein intake may 

help against chronic loss of muscle mass [29] and contribute to the bone health of elderly [30]. 

 
Whey protein functionally 

The native proteins as synthesized by the cow have a number of functional properties in 

aqueous solutions which are modified during food processing to yield the protein functionality. In 

this way, protein functionality results from the combination of intrinsic properties (amino acid 

composition and sequence, molecular size, flexibility, net charge and hydrophobicity) of the native 

protein and a number of extrinsic factors such as temperature, pH, salts and protein concentration.  

As previously mentioned, whey proteins are diversely used as ingredients in both dairy and 

non-dairy food systems, for their functionality. Protein functionality may be achieved during food 

processing since the operating conditions of steps such as homogenization, heating, freezing and 

storage may determine the performance of whey proteins in food products by influencing protein 

interactions with other components present in the food matrix, such as lipids, sugars, salts and 

other proteins [31]. In Figure 1.2 functional properties of whey proteins are displayed. 
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1.1.4. Whey protein denaturation 

Processing treatments such as heat and high pressure are normally applied in the food 

industry for the purpose of microbial destruction or shelf-life extension, or to achieve the desired 

functionality in the final product [32]. Protein functionality is strongly affected by heat treatment, 

which makes heat-induced interactions of considerable commercial importance in the dairy and 

food industries. Although thermal processing is effective, economical and readily, it can have 

undesirable effects on the sensory and nutritional qualities of food  [33, 34]. In this way, high-

pressure processing a possible alternative to heat treatment offering unique advantages over 

traditional thermal treatments. Antimicrobial effects are achieved without changing the sensory and 

nutritional quality of foods.  

Temperature 

The whey proteins are globular proteins with well-defined secondary and tertiary structures 

that when exposed to heat treatment suffer complex structural modifications. Exposing the whey 

proteins to extremes of temperatures results in the denaturation and aggregation of the proteins. 

This process may be described by the following mechanism: 

(𝑃𝑁)𝑛 ↔ 𝑛𝑃𝑁 

𝑃𝑁 ↔ 𝑃𝑈 

𝑃𝑈 + 𝐴 → (𝑃 − 𝐴) 

 For a protein such as β-lg which the native protein is a non-covalent linked oligomer , the 

first step in the denaturation process is the reversible dissociation of the oligomer [(𝑃𝑁)𝑛] into 

monomeric species (𝑃𝑁). The monomeric protein may undergo partial unfolding with consequent 

Lipids 
Sugars 
Salts 
Proteins 

Native Proteins 

Functional Properties 

Protein Functionality 

Intrinsic Factors 
Composition 
Structure 
Net charge 
Hydrophobicity 

Extrinsic Factors 
Temperature 
Acidity 
Salts 
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Process Effects 
Homogenization 
Heating 
Freezing 
Storage 

Food Components 

Figure 1.2 – Driving forces involved in achieving functional properties 
and protein functionality of whey proteins [31] 
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exposure of non-polar groups and the thiol group (PU). Denaturation can be followed by an 

irreversible aggregation reaction so that the whole heat-induced process becomes irreversible [3]. 

High Pressure 

 The high pressure processing (HPP) equipment consists of four main parts: a high pressure 

vessel and its closure, a pressure-generating system, a temperature-control device and a material-

handling system [35].  

The pressure vessel is usually a forged monolithic cylindrical vessel constructed of low-alloy 

steel of high tensile strength. The wall thickness is determined by the maximum working pressure, 

the vessel diameter and the number of cycles the vessel is design to perform [35]. After being 

product-loaded and closed, the vessel is also filled with a pressure transmitting medium. Air is 

removed from the vessel and afterwards, pressure is generated.  

In the food industry, vessels with a volume of several hundred liters are in use, with typical 

operating pressures in the range of 100-500 MPa and holding times of 5 to 10 minutes [36] . There 

is laboratory scale HP equipment available that can reach 1000 MPa [37]. 

Application of high pressure causes proteins to lose their native conformation that leads to 

denaturation and aggregation of whey proteins. Under pressure, biomolecules, and so proteins, 

obey the Le Chatelier-Braun principle, i.e., whenever a stress is applied to a system in equilibrium, 

the system will react so as to counteract the applied stress; in this way, reactions that result in 

reduced volume will be promoted under HPP.   

The native three dimensional structure of a protein is stabilized by a variety of non-covalent 

interactions (hydrogen bonding, electrostatic, van der Waalls’ and hydrophobic interactions). In 

contrast to heat treatments, where covalent and non-covalent bonds are affected, HPP at relatively 

low temperature, disrupts only relatively weak bonding such as intramolecular hydrophobic and 

electrostatic interactions [34], whereas covalent bonds are almost unaffected by high pressure and 

hence the primary structure of a protein remains intact during HPP [38]. This suggests that high 

pressure affects the tertiary and quaternary structures of globular proteins and has little effect on 

their secondary structure.  

Overall, the structure of large molecules may change under the influence of pressure. High 

pressure may lead whey protein to unfolding, with consequent aggregation and gelation.  β-lg is the 

whey protein most sensitive to high pressure (400 MPa) and α-la is resistant to denaturation at 

pressures up to 500 MPa [37]. Differences in the pressure stability of α-la and β-lg may be linked to 

the more rigid structure of the former [39], caused partially by the number of intramolecular 

disulphide  bonds in the two proteins [40] and the lack of a free sulphydryl group in α-la [39]. 

The extent of HP-induced denaturation of α-la and β-lg increases with treatment time and 

temperature [41].  
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1.1.5. Techniques 

Many basic principles of chemical analysis may be used to quantify whey protein 

denaturation, including spectroscopy, chromatography, dye-binding methods, nitrogen analysis and 

electrophoresis [9]. Quantifying protein denaturation is of major importance since it allows 

understanding this phenomenon. The degree of whey protein denaturation as a result of heat and 

high-pressure treatments was evaluated using fluorescence spectroscopy, SDS-PAGE and RP-

HPLC. To assessed whether the compounds analyzed exert influence on the whey protein 

denaturation, differential scanning calorimetry (DSC), turbidity, particle size analysis and viscosity 

measurements were performed.  

To complement the study, calorimetric measurements and texture analysis were performed. 

Fluorescence spectroscopy 

 Fluorescence spectroscopy is a type of electromagnetic spectroscopy which analyses 

fluorescence from a sample. The molecules are excited by irradiation at a certain wavelength, 

usually ultraviolet light, and emit radiation of a different wavelength, typically, but not necessary, 

visible light. When light of an appropriate wavelength is absorbed, the electronic state of the 

molecule changes from the ground state to one of many vibrational levels in one of the excited 

electronic states. Once the molecule is in an excited state, relaxation can occur via several 

processes. Fluorescence is one of these processes and results in the emission of light. Emission 

maps can be obtained measuring the different wavelengths of fluorescent light emitted by the 

sample, holding the excitation light at a constant wavelength.  

There are three amino acids which contribute for the intrinsic fluorescence properties of a 

protein, namely phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp). In this way, the 

fluorescence of a folded protein is a mixture of the fluorescence from individual aromatic residues, 

although most of the intrinsic fluorescence emission of a folded protein is due to excitation of Tyr.  

Typically, Trp has a wavelength of maximum absorption of 280 nm and an emission peak 

that ranges from 300 to 350 nm, depending in the polarity of the local environment [42]. The 

emission spectrum of tryptophan is strongly dependent on solvent polarity mainly because of the 

presence of two nearly isoenergetic excited states, 1La and 1Lb.: emission can occur from 1La or 1Lb, 

being the last one more frequent. This is because the emission of tryptophan is sensitive to 

hydrogen bonding to the imino group: in the absence of hydrogen bonding, the emission is 

structured and it is a mirror image of the absorption spectrum of the 1Lb  transition, while in the 

opposite situation, the structured emission is lost and the emission mirrors 1La transition. This 

indicates the possibility of emission from either 1La or 1Lb state. 1La state reveals to be more sensitive 

to the solvent properties than 1Lb which can be explain by the directly involvement of the polar 

nitrogen atom of indole. In polar solvents, the 1La transition shifts to lower energies dominating the 
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emissions. In a completely nonpolar solvent the structured 1Lb state can be the lowest energy state, 

resulting in structured emission. In fact, for tryptophan in a completely apolar environment a blue-

shifted characteristic structured emission can be observed (Figure 1.3). As the tryptophan residue 

becomes hydrogen bonded or exposed to water, the emission shifts to longer wavelengths [43].  

 
 

 

 

 

 

 

 

Denaturation of proteins results in similar emission spectra for the unfolded proteins. 

Hence, the variations in tryptophan emission are due to the structure of the protein and so, changes 

in the intrinsic fluorescence can be used to monitor structural changes in a protein, allowing the 

diagnosis of the degree of unfolding [43]. 

In the case of whey proteins, these three amino acids are buried by its natural conformation 

and when the proteins undergo denaturation they expose the amino acids and the fluorescence 

detected is higher. Whey proteins denaturation can be observed by monitoring changes in 

fluorescence intensity and in emission wavelength [9]. The intensity of fluorescence is not very 

informative in itself.  

RP-HPLC 

In reversed-phase high performance liquid chromatography (RP-HPLC), the hydrophobic 

molecules are adsorbed onto a hydrophobic support in a polar mobile phase. Decreasing the 

mobile phase polarity by using organic solvents reduces the hydrophobic interaction between the 

solute and the solid support resulting in de-sorption. The more hydrophobic the molecule, the more 

avidly it will adsorb onto the solid support. This requires a higher concentration of organic solvent to 

promote desorption. RP-HPLC is very powerful technique and it is effective for the separation of a 

very wide range of molecules [8]. A detector and a recording system are used to plot the 

Figure 1.3 – Effect of tryptophan environment on the emission spectra. The emission spectra are those of 
apoazurin Pfl, ribonuclease T1, staphylococcal nuclease, and glucagon, for 1 to 4, respectively [44] 
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concentration of compounds in the mixture eluted as a function of time and as quantifiable peaks on 

a chromatogram [44]. 

RP-HPLC is used to determine the extent of whey protein denaturation by quantifying the 

undenatured whey protein. The extent of denaturation is usually assessed by measuring whey 

protein level in pH 4.6 soluble fractions and expressing the level of denaturation relative to a control 

sample [39, 45].  Using this method, it is possible to quantify the major whey proteins β-lg and α-la, 

however it is difficult to simultaneously quantify minor whey proteins, such as BSA and 

immunoglobulin [46]. 

SDS-PAGE 

The separation of macromolecules in an electric field is called electrophoresis. A very 

common method for separating proteins by electrophoresis uses a discontinuous polyacrylamide 

gel as a support medium and sodium dodecyl sulfate (SDS) to denature the proteins into individual 

peptides. The method is called sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) and proteins are separated according to their electrophoretic mobility [47].  

Besides the addition of SDS, proteins may optionally be briefly heated to near boiling in the 

presence of a reducing agent, such as dithiothreitol (DTT), which further denaturates the proteins 

by reducing disulfide linkages disabling tertiary and quaternary protein folding. This is known as 

reducing SDS-PAGE. Under non-reducing conditions, the samples are heated to a lower 

temperature and no reducing agent is added. These conditions may be applied when the native 

protein structure is the analysis target. In the particular case of whey proteins, aggregates of 

denaturated proteins may be too large to enter the gel and remain in the sample well [9]. 

Differential scanning calorimetry  

Differential scanning calorimetry (DSC) is a thermal analysis technique that measures 

temperatures and heat flows associated with material transitions as a function of time and 

temperature. Such measurements provide qualitative and quantitative information about physical 

and chemical changes that involve endothermic and exothermic processes or changes in heat 

capacity. DSC can be used to understand the stability of biological systems [48]. 

Regarding proteins, DSC measures the enthalpy of unfolding due to heat denaturation. A 

biomolecule in solution is in equilibrium between the native (folded) conformation and its denatured 

(unfolded) state. The thermal transition midpoint (Tm) is the temperature at which 50% of the 

biomolecules are unfolded. Higher Tm corresponds to more stable molecules. Using DSC, it is also 

possible to determine the change in heat capacity of denaturation [48].  

In DSC, the biomolecule and a reference are heated at a constant rate, and the differential 

heat flow to the sample and the reference is measured. Changes in the sample associated with the 

absorption or evolution of heat cause a change in the differential heat flow which is then recorded 

http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Electrophoresis
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as a peak. The area under the peak is directly proportional to the enthalpic change and its direction 

indicates whether the thermal transition event is endothermic or exothermic. For proteins, the 

thermally induced process detectable by DSC is the structure unfolding. The transition of protein 

from a native to a denatured conformation is accompanied by the rupture of inter and intramolecular 

bonds. Analysis of a DSC thermogram enables the determination of protein denaturation 

temperature [49].  

 
Figure 1.4 – Typical DSC curve [49] 

Turbidity 

When radiation interacts with matter, a number of processes can occur, including reflection, 

scattering, absorbance, fluorescence/phosphorescence and photochemical reaction. In general, 

when measuring UV-visible spectra, only absorbance is desirable to occur, which represents the 

amount of light absorbed. Absorbance is proportional to the number of molecules that absorb 

radiation at a specific wavelength. Whey protein denaturation causes their aggregation into 

particles, increasing the turbidity (light scattering is evaluated as absorbance) [50]. To avoid having 

signals from the presence of aromatic rings and protein linkages, the measurements can be 

performed at 900 nm.  

Color is an important property of a substance and it is related to its absorptivity or 

reflectivity. When high temperature is applied, Mailard reactions may occur between a reducing 

sugar and an amino acid residue. The final product of these reactions may causes sample 

browning. Browning of the sample can be detected spectrophotometrically at a wavelength of 280 

to 290 nm.   

 

 

Endothermic Change 

Exothermic Change 

Change in Specific 
Heat 



 

| 14 
 

Literature Review:  Techniques 

Particle size analysis 

Dynamic light scattering (DLS) is a technique used to predict the size distribution of small 

particles in suspension, typically in the sub-micron size range. Particles in suspension undergo 

random Brownian motion. If these particles are illuminated with a laser beam, the laser light is 

scattered. The intensity of the scattered light detected at a particular angle fluctuates at a rate that 

is dependent upon the particle diffusion, which, in turn, is governed by particle size. The relation 

between the size of a particle and its speed due to Brownian motion is described in the Stokes-

Einstein equation.   
Backscatter measurements where the scattering information is measured close to 180º is a 

patented technology called non-invasive back scatter (NIBS) and has several advantages. For 

instance, it not only increases the concentration limits at which DLS can be successfully applied, but 

also increases the sensitivity of the technique. One effect to take into account is particle-particle 

interactions which influence diffusion speed and therefore the apparent particle size. Another 

important effect is multiple scattering, where the light scattered by one particle is scattered by 

another particle before reaching the detector which reduces the apparent particle size. The NIBS 

reduces this effect since it is minimum at 180º. However, dilution of the samples is still 

recommended and also filtration is critical to remove dust and artifacts from the solution and 

particles higher than the detection limit. 

Viscosity 

Viscosity is a measure of the ability of a homogeneous and Newtonian fluids to resist to free 

flow movement at a constant rate. However, most food liquids are non-Newtonian fluids and do not 

experience constant viscosity, but apparent viscosity, which is related to shear rate [51].  

The viscosity of a protein solution is expected to be dependent on the concentration, shape, 

size, molecular weight, flexibility, intermolecular interactions, degree of hydration and charge of the 

proteins. The viscosity can also be influenced by external factors such as temperature, pH and ionic 

strength [52]. 

General food processing includes heating, shearing, freezing, high pressure and drying. All 

of these operations cause a decrease in protein solubility which in turn causes changes in viscosity 

[53]. Protein solubility influences the viscosity that the protein imparts as a functional property in a 

food system. High solubility generally results in low viscosity, which is important for many food 

applications, especially liquid systems [54].  

Whey protein powders are highly soluble due to the low molecular weight and globular 

structure of the predominant proteins, i.e., β-lg and α-la. The viscosity of the powders can be 

increased when the protein concentration is increased and also by denaturation which results in 

particle formation, as explained earlier [9].   
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The viscosity of the protein solution can be obtained using a rotational viscometer. In this 

case the viscosity is calculated from the measured torque and rotational speed as well as the 

dimensions of the measuring geometry. If the measuring geometry fulfills certain requirements (e.g. 

small gap), which is the case for coaxial cylinder, plate/plate and cone/plate measuring geometries, 

the absolute value of the viscosity can be determined [55]. 

Colorimetry 

The Maillard reaction is a type of non-enzymatic browning which involves the reaction of 

carbonyl compounds, especially reducing sugars, with compounds that possess a free amino 

group, such as amino acids and proteins. It may occur when proteins are heated in the presence of 

a reducing sugar. The reaction is traditionally divided into three stages: the early, advanced and 

final Maillard reaction. The final product is a class of high molecular weight compounds, the 

melanoidins, which are mainly responsible for the brown color of processed products. 

Maillard reactions involving whey proteins are of commercial interest as they are promoted 

by a number of industrial processes encountered in whey processing [9], and the reaction products 

may have new and useful characteristics.  

A CIE L*, a*, b* scale is recommended as a standard in colorimetric analysis, so color 

values may be easily compared. This scale is an approximately uniform color scale, where the 

differences between points plotted in the color space correspond to visual differences between the 

colors plotted. The CIE L*, a*, b* color space is organized in a cube form. The L* axis runs from top 

to bottom and its maximum value is 100, representing a perfect light reflecting diffuser, while 0 is 

the minimum and represents black. The a* and b* axes have no specific numerical limits. Positive 

a* is red and negative a* is green. Positive b* values represents yellow while negative b* is blue. 

Below is a diagram representing the CIE L*, a*, b* color space.  

Variations in color relative to a standard may be calculated. ΔL*, Δa* and Δb* are often 

used for quality control or formula adjustments. The total color difference, ΔE, may also be 

calculated and in this case, it takes into account simultaneously the differences in terms of L*, a* 

and b*. 

 

 

 

 

 

Figure 1.5 – CIELAB color scale 
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[1.1] 

[1.2] 

[1.3] 

[1.4] 

[1.5] 

[1.6] 

∆𝐿∗ = 𝐿𝑠𝑎𝑚𝑝𝑙𝑒
∗ − 𝐿𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑∗  

∆𝑎∗ = 𝑎𝑠𝑎𝑚𝑝𝑙𝑒
∗ − 𝑎𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑∗  

∆𝑏∗ = 𝑏𝑠𝑎𝑚𝑝𝑙𝑒
∗ − 𝑏𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑∗  

∆𝐸∗ = �∆𝐿∗2 + ∆𝑎∗2 + ∆𝑏∗2 

Browning index (BI) represents the purity of brown color and is considered as an important 

parameter associated with browning [56]. It can be obtained from the L*, a* and b* values according 

to the follow equation.  

𝐵𝐼 =
100 × (𝑥 − 0.31)

0.17
 

Where,  

𝑥 =
𝑎 + 1.75𝐿

5.645𝐿 + 𝑎 − 3.012𝑏
 

Texture analysis 

Whey proteins are widely used as important ingredients in different foods (dairy, meat and 

bakery products) due to their unique nutritional and functional properties. Processing steps can alter 

the characteristics of whey protein products which can result in the modification of whey protein 

structure and functionality (i.e. foaming, emulsification, gelation). 

Gelation may be a consequence of heat, pressure or divalent cations that lead to the 

formation of a network that suspends a dispersed phase in a continuous phase by water 

entrapment [9]. 

Most protein gels are prepared by heating. Thermal gelation of whey proteins is a two-step 

mechanism. The first step involves an initial denaturation-unfolding of whey protein molecules, 

followed by rearrangements and aggregation of functional groups which become available for 

interactions, resulting in a three-dimensional gel network [57].  

The properties of thermally induced gels are influenced by concentration, heating rate, 

extent of denaturation, ionic strength, pH and the presence of specific ions. 

Whey protein gelation is important in food industry due to its strong effect on rheological 

and textural properties of food. Whey protein ingredients are used as a gelling ingredients for many 

applications, as in processed meat, cheeses and some confectionary and bakery products [58].  

The thermal processing parameters determine the gelation properties and strength. The 

mechanical properties of a gel may be measured by texture analysis by applying a controlled force 

(or deformation) to it. The response is recorded in the form of deformation (or force) and time. 
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1.2.  Motivation   

Most food products that contain whey proteins as ingredients also contain carbohydrates. 

The presence of these compounds may alter the whey proteins functional characteristics [59]. Milk 

is an essential ingredient of one of the most common forms of confectionary – caramel. The 

proteins in milk are the most important component, as it relates to caramel production: protein 

denaturation  may lead to formation of heat-induced irreversible gelation, which provides the 

structural support to a caramel. Casein is mostly responsible for the body of caramel whereas whey 

proteins are more responsible for its color and flavor.  

There are many different types of milk products used in the manufacture of caramel, but 

they can be replaced for a number of milk components and by-products of the dairy industry. For 

instance, whey proteins can bind water at a lower cost than casein and whey protein concentrates 

may be used to replace milk in the production of caramel. They can also be used in combination 

with other milk products to create blends with similar composition to traditional milk sources at a 

lower cost [60], being of most importance to understand the behavior of whey proteins in high 

carbohydrate food systems that are subjected to heat treatment. 

Besides their nutritional value, proteins contribute to food structure and texture. Whey 

proteins are often used in foods as ingredients because of their unique functional properties, i.e., 

their ability to provide desirable appearance, texture or stability.  

In a food matrix, proteins do not exist as soluble individual molecules, but in the form of 

relatively large aggregates or particles that, in the case of whey proteins, are formed during food 

processing. The mouthfeel caused by such aggregates or particles is essentially influenced by their 

size. Particles smaller than 0.1 µm are not perceived. Protein aggregates which are in the range of 

emulsified fat droplets, between 0.1 and 10 µm may cause creamy-smooth mouthfeel. Larger 

particles are detected in the mouth individually, and are perceived as floury to sandy [61].  

Food texture is of great importance and, when whey proteins are used as food ingredient or 

even as fat replacer in some products, the texture and mouthfeel of the product must be close to 

the original one. Particle size is a key factor to meet this requirement. 

Whey protein particles were obtained through denaturation but ascertaining if the presence 

of sugar allowed obtaining particles with appropriate dimension to be used as food ingredients was 

an asset of this study. Other compounds were tested, namely potassium iodate and calcium 

chloride.  

Potassium iodate is a sulphydryl-oxidizing agent, which promotes the oxidation of 

sulphydryl groups during heat treatment, acting possibly as a thiol blocking agent. As heat 

stabilizing mechanism involves prevention of the disulphide aggregation step in whey protein 

denaturation. 
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The interest of calcium chloride was based on information from patent US 2009/0087538 

[62]. According to that it is possible to produce aggregates predominantly by non-covalent 

association on heating by manipulating cation-protein interactions. The concentration of ions is 

crucial to avoid disulphide bond formation. The particle size customization is easier as a result of 

controlling a  predominance hydrophobic bonds in aggregates and a lower gel forming ability. 
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2. Materials and Methods 

2.1.  Materials  

2.1.1. Sample preparation 

a) Whey protein addition 

Two different whey protein isolate (WPI) solutions (5 or 10% w/w) were prepared  by 

dispersing WPI powder, BIPRO (Davisco Foods International, Le Sueur USA) and ISOLAC 

(Carbery, Ballineen, Ireland) in demineralized water. Sodium azide was added (0.2 g/L) to prevent 

microbial growth. This preparation was stirred for two hours to guarantee protein dissolution. 

Different compounds were added to this protein solution, and the procedure for each compound is 

described below.  

i. Carbohydrate addition 

 After the whey proteins have been dissolved, the required amount of sucrose, D(+) – 

glucose monohydrate (Merck, Darmstadt, Germany) or Maltodextrin 19 (Roquette, Lestrem, France) 

was added to the protein solution in order to obtained samples containing 0, 10, 20, 30 and 40 % 

w/w carbohydrate. After adding the carbohydrate, the samples were stirred for a further 2 hours to 

ensure that the whey proteins and carbohydrate are fully dissolved. 

ii. Calcium chloride addition  

A 1M calcium chloride dihydrate (Merck, Darmstadt, Germany) solution was added to the 

protein preparation in order to obtained samples with concentrations of 0.0, 2.5, 5.0, 7.5, 10.0, 15.0, 

20.0 or 25.0 mM. The pH of subsamples was adjusted to 5.0, 6.5 or 8.0 by the addition of 2M HCl or 

2M NaOH.  

iii. Potassium iodate addition 

A 50 mM KIO3 stock solution was prepared and added to the protein solution in order to 

obtain samples with concentrations of  0.000, 0.010, 0.025, 0.050, 0.100, 0.250 and 0.500mM KIO3. 

b) Samples containing purified α-la and β-lg 

Purified α-la and β-lg, produced by NIZO Food Research, were dissolved in demineralized 

water in order to obtain samples with an overall protein concentration of 10%. Different amounts of 

each protein were added to attain samples containing different proportions of both proteins, namely 

samples containing 100% of α-la, 100% β-lg, 75% of α-la and 25% β-lg, 50% of α-la  and 50% β-lg 

and 25% of α-la and 75% β-lg. To avoid microbial growth, sodium azide (0.2 g/L) was added. 

Samples were stirred for two hours to ensure protein dissolution. Samples with an overall protein 

concentrations of 8 and 9% were obtained by dilution of those previously prepared. Samples pH 

value was adjusted to 7 with HCl (1M) and NaOH (1M). 
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2.2. Methods 

2.2.1. Heat and high pressure treatment  

To promote protein heat denaturation, fractions of 10 mL of each main sample were heated up 

to 90°C over 5 minutes and kept to this temperature for 10 minutes in water bath, after which they 

were cooled down in ice water. 

High pressure treatment was only applied to the set of samples containing carbohydrates. 

These were submitted to 200, 400 and 600 MPa in a high pressure vessel (Stansted Fluid Power, 

Harlow, UK) during 5 minutes at 25ºC.  

2.2.2. Differential scanning calorimetry 

The thermal denaturation of the proteins in solution was studied using differential scanning 

calorimetry (DSC) with a DSC Q1000 (TA Instruments, New Castle, USA). Approximately 20 mg of 

each sample was weighted in coated aluminum pans (TA Instruments) and an empty pan was used 

as a reference. The heat flow required to keep the two pans thermally balanced was recorded as 

their temperature was increased from 20 to 130ºC at a rate of 5ºC/min. The midpoint of 

denaturation was defined as the temperature at which a minimum occurred in the endothermic 

peaks (Figure 1.3). 

2.2.3. Turbidity and UV absorbance 

Turbidity of undiluted unheated and heated subsamples was measured in Cary 4000 UV 

spectrophotometer (Varian, Palo Alto, USA) at 900 nm in triplicate in 10 mm pathlength disposable 

cuvettes.  

The browning  of samples containing WPI and  sucrose and glucose was quantified by 

scanning with the same equipment using 10 mm pathlength disposal UV-cuvette semi-micro from a 

wavelength of 260 to 300 nm, after 15-fold dilution of the sample with demineralized water.  

In both cases, measurements were carried out at 25ºC and water was used as reference. 

2.2.4. Dynamic light scattering 

Dynamic light scattering experiments were made using a Malvern Zetasizer Nano Series 

(Malvern Instruments, Malvern, UK) to determine particle size. Water was set as dispersant 

material. After diluting 50 times in demineralized water, samples were filtered using Millex SV 5 µm 

(Millipore, Billerica, USA). Samples were then equilibrated at 25ºC during 5 minutes. The 

measurements were performed at 25°C in triplicate using a scattering angle of 173º.   

To ensure that no correction on viscosity was needed within the range of carbohydrate 

concentrations of interest, firstly, a test wit latex nanospheres was made. Samples of the three 

carbohydrates analyzed were prepared by dissolving the amount needed in sodium chloride 25 mM 



 

| 21  
 

Methods 

to obtain 0, 10, 20, 30 and 40% carbohydrate (w/w). The samples were diluted 50 times and a drop 

of latex with a defined particle size of 100 nm was added. No viscosity corrections were applied 

since the particle size is approximately constant within the concentrations tested.  

2.2.5. Fluorescence spectroscopy 

A Cary Eclipse fluorescence spectrophotometer (Varian) was used for this experiment. A 3-

D scan was performed to obtain the fluorescence spectra using an excitation wavelength from 260-

300 nm and an emission wavelength from 300-400 nm, with an increment of 1 nm. Excitation and 

emission slit was set at 5 nm and medium sensitivity was used. Measurements were carried out at 

25ºC 

2.2.6. RP-HPLC 

Denaturation degree of individual whey proteins was determined by RP-HPLC. After diluting 

samples 5-fold with demineralized water, 1.0 mL of this diluted sample was adjusted to pH 4.6 by 

adding of 0.1 mL of 10% acetic acid, followed by vortex mixing. After 15 min, 0.1 mL of 1.0 M 

sodium acetate was added, and the mixture was then centrifuged at 15 000 g for 30 minutes. 100 

µL of the supernatant and the diluted sample were mixed with buffer containing urea, Bis (2-

hydroxyethyl)amino-tris(hydroxylmethyl)methane – (Bis-Tris), sodium citrate and hydrochloric acid 

(HCl) supplemented with 20 mg/mL dithiotreitol (DTT). After one hour, 1500 µL of buffer containing 

urea, acetonitrile (CH3CN) and trifluoracetic (TFA) were added. Samples were frozen until analysis.  

Before analysis, samples were filtered through a 0.22 µm filter. The amount of whey protein 

was determined chromatographically by using a 616 pump combined with a Model 650S gradient 

contoller (Waters, Milford, USA), a 231 XL sampling injector (Gilson, Middleton, USA) and a Waters 

486 Tunable absorbance detector (Waters).  

The whey proteins were separated on a reversed-phase column Vydac Widepore C18, 5 

µm, 300 Å, 250 × 4.60 mm. Security 4.0×3.0mm (Phenomenex, Torrance, USA) was used as 

guard column. Solvent A was a mixture of acetonitrile:water:TFA (20:980:1, v/v/v/) and solvent B 

contained the same components (900:100:0.8 v/v/v). The flow rate was 0.8 mL/min and the column 

temperature was maintained at 30ºC. Components were eluted with a linear gradient of solvent B in 

A and the absorbance of the eluent was monitored at 220nm.  

To determine the denaturation degree, the areas beneath the peaks obtained in each 

chromatograms was calculated using the software. The areas of three different peaks concerning α-

la, β-lg A and B were added in order to obtain the total amount of protein in sample.  The whey 

protein denaturation degree (%DD) is determined relating the amount of protein in pH 4.6 soluble 

fractions of treated samples to the respective untreated one (Equation 2.1).  

 

%𝐷𝐷 = 100 − 𝑝𝐻 4.6 𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

× 100 [2.1] 
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2.2.7. SDS-PAGE 

Samples were diluted in Milli-Q water to achieve a concentration of 3 mg protein/mL. 

Laemmli buffer (Bio-Rad Laboratories, Hercules, USA) was added to the diluted samples in equal 

volume. When reducing conditions were used, DTT (Sigma Aldrich, St. Louis, USA) was previously 

added to the buffer at a level of 54mg/mL. Subsequently, samples were heated in water bath for 10 

minutes at 50ºC when non-reducing conditions were applied, and at 90ºC when reducing conditions 

were applied. Afterwards, samples were centrifuged at 14000 × 𝑔 for 4 minutes before applying to 

SDS-PAGE.  

Electrophoresis was carried out on Criterion Precast Tris-HCl gels (Bio-Rad) containing 

15% acrylamide. A Criterion vertical electrophoresis cell was used. About 10-15 µL of the protein 

samples were loaded per well. A prestained SDS-PAGE marker (Bio-Rad Laboratories) was used 

as a reference for estimating the molecular weights of the separated proteins. The electrophoresis 

cell was filled with buffer of 10%Tris/Glycine/SDS Buffer (Bio-Rad laboratories GmbH, Monique, 

Germany) prepared Milli-Q water. The gels were then run at 200 V for 1 hour after which was rinsed 

three times with Milli-Q water and than stained with Bio-Safe Coomassie (BIO-RAD – Coomassie 

Blue G250 Stain, USA). After 24 hours, the gels were again washed with Milli-Q water and finally 

scanned. 

2.2.8. Colorimetric measurements 

The chroma meter HunterLab ColorFlex E, from HunterLab (Reston, USA), was used to 

measure the color deviation. Before measurements were performed, the bottom of the scale was 

standardized by positioning a black glass at port and the top of the scale by placing in the port a 

white tile. After the sensor has been successfully standardized the equipment was ready to read the 

samples which were placed in a cuvette and cover with a black cap. The measurements of the 

parameters of CIELAB color scale (L*a*b*) were performed at room temperature on samples 

submitted to high pressure treatment and also on samples containing WPI and sucrose or glucose, 

submitted to heat treatment.   

2.2.9. Viscosity 

Viscosity of samples containing carbohydrates was measured using a rotational viscometer 

MS from Haake (Haake Technik GmbH, Vreden, Germany). Two different geometries were used, 

namely MV1 and NV. The first providing a concentric cylinder arrangement was used for thicker 

samples, while the last one, with a double concentric cylinder, was used to measure thinner 

samples viscosity and gives. The dimensions and geometry factors of each geometry are 

summarized in the Appendix section.  
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Methods 

The shear stress was measured as a function of shear rate at 25ºC. To accomplish the 

measurement the shear stress was increased from 0 to 400 s-1 in 5 minutes, and decreased back to 

0 s-1 also in 5 minutes.  

2.2.10. Texture Analysis 

The firmness of gels with 7.0 cm height and 1 cm of diameter gelled in a tube was 

measured using a Texture Analyzer XT Plus from Stable Micro Systems (Godalming, UK).  All the 

test speeds were set at 1.0 mm/s. The target mode selected was distance which was set to 25 mm 

and so, the force was measured as a function of distance. The measurements were performed with 

“auto trigger” at a force of 0.1, using a instron needle (length: 15.3 cm, diameter: 3.0 mm). 
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Results and Discussion 

3. Results and Discussion 

The goal of these experiments was to control and tailor the denaturation and aggregation of 

whey proteins. To achieve this, the influence of different compounds on the denaturation of whey 

proteins, namely, carbohydrates, KIO3 and CaCl2, were tested. Heat induced changes were tested 

with all the compounds mentioned and high pressure-induced denaturation was only tested in the 

presence of carbohydrates.  

3.1. Heat-induced changes in whey proteins 

In the heat approach, samples were heated to 90ºC and kept at this temperature for 10 

minutes, after which they were cooled down in ice. Samples containing ISOLAC gelled after 

cooling, therefore they could not be used in subsequent analysis.  

To evaluate denaturation and protein unfolding, fluorescence spectroscopy, reversed phase 

HPLC and SDS-PAGE were performed. Differential scanning calorimetry, turbidity, particle size 

analysis and viscosity were executed to assess if the compounds analyzed influence the heat-

induced changes on whey proteins. Additional experiments were made in order to complete the 

analysis.  

3.1.1. Influence of carbohydrate type and concentration 

Differential scanning calorimetry 

The first step to understand whether carbohydrates have influence on the heat-induced 

changes in whey proteins was to determine the denaturation temperature of samples containing 

different concentrations of different carbohydrates. To achieve this purpose, a thermal analysis 

technique, namely, differential scanning calorimetry (DSC) was used. The obtained results are 

shown in Figure 3.1. 

 
Figure 3.1 – Whey protein denaturation temperature obtained in the presence of different concentration of sucrose, 

glucose and maltodextrin using DSC.  
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The results show that both sucrose and glucose increase the denaturation temperature of 

whey proteins, with glucose being the carbohydrate that has the most influence. The presence of 

glucose in the sample increases whey protein denaturation temperature by about 0.33ºC/%CH, 

while sucrose increases the denaturation temperature in about 0.18ºC/%CH. When it comes to 

maltodextrin, it is possible to observe that it has a slight influence on the denaturation temperature 

of whey proteins, regardless of the carbohydrate concentration. 

Freezing point depression 

 When a solute is dissolved in a solvent, four of the colligative properties of the solution are 

affected in a roughly linear response to the concentration of solute added: freezing point is 

depressed, the boiling point is elevated, the osmotic pressure increases and the vapor pressure is 

depressed.  

It was seen that the presence of a carbohydrate affects the denaturation temperature of the 

sample. If there is a increase in freezing point depression it could also be related to an increase in 

the osmotic pressure.  

In fact, as the denaturation temperature increases, the freezing point depression, for the 

same carbohydrate concentration, increases (Figure 3.2). This means that there is also an increase 

in the osmotic pressure. 

 
Figure 3.2 – Relation between freezing point depression and denaturation temperature obtained by DSC for samples 

containing 10% BIPRO and different types of carbohydrates at different concentrations. 

 

Proteins folding and conformational changes are influenced by protein-water interactions, 

and the presence of the carbohydrate lowers activity of water in solution and increases the energy 

needed for protein-water interactions. The protein may so adopt a conformation which allows to 

compensate the energy of intramolecular hydrogen-bonding interactions and that requires less 

water for stability. This accounts also for the thermal stabilization previously seen with DSC 

measurements. 
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High pressure-induced changes in whey proteins 

Fluorescence spectroscopy 

Proteins contain three amino acids that contribute to their intrinsic fluorescence, namely 

tryptophan, tyrosine and phenylalanine. In native whey proteins these residues are protected by the 

natural conformation of the protein and reside in the hydrophobic core of the folded protein. When 

denatured, the protein exposes these amino acids and the detected fluorescence is higher. This 

technique was mainly performed as an indication of denaturation. 

 The maximum fluorescence values were detected at an emission wavelength of 336 nm 

and 342 nm for unheated and heated samples, respectively, and at an excitation wavelength of 283 

nm for both. This means that after heat treatment the excitation maximum was shifted to higher 

wavelengths and an unstructured emission is dominant due to changes in the surrounding 

environment of tryptophan. The results are presented in Table 3.1.  

Table 3.1 – Fluorescence intensity obtained for unheated and heateda samples containing different types and 
concentrations of carbohydrate. 

 

 

 

 

 

 

As expected, the fluorescence obtained for heated samples is higher than for the unheated 

samples due to the exposure of the three aromatic amino acids after heat treatment. The extent of 

the increase in fluorescence may result from different structures acquired by the proteins after 

denaturation which might be responsible for fluctuations in the results obtained. 

RP-HPLC 

For a quantitative analysis of the degree of denaturation, RP-HPLC was performed. In each 

chromatogram the last three peaks correspond to the whey proteins β-lg B, α-la and β-lg A, 

respectively.  

In Figure 3.3 four chromatograms are presented concerning a sample containing 20% of 

glucose. Each chromatogram represents a different condition for the same sample. Since the 

chromatograms obtained for the other carbohydrates analyzed have the same aspect (with 

exception of chromatogram identified as B) and lead to the same conclusion they are not presented 

in this section. 

In Figure 3.3, the chromatogram indicated with A corresponds to the unheated sample and the 

peaks obtained represent the total protein within the sample. The second chromatogram, identified 

[CH] 
 %(w/w) 

Sucrose Glucose Maltodexterin 
Unheated Heated Unheated Heated Unheated Heated 

0% 63.4 113 113 215 119 232 
10% 78.8 55.7 92.7 291 98.0 203 
20% 75.8 97.9 94.5 227 94.4 226 
30% 48.9 62.8 120 222 131 235 
40% 38.6 69.4 101 232 101 282 

a For 10 min at 90ºC 
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as B, represents the sample after heating. Glucose is a reducing sugar and reacts with a lysine 

residue via the Maillard reaction. This type of reaction is favored by heat treatment. In this way, in 

the case of glucose, is not possible to identify the three individual peaks concerning the whey 

proteins. Instead of these, a wide peak is detected and may correspond to different glycated 

proteins which are more hydrophilic, being eluted from the column earlier than the native proteins. 

The two last chromatograms, identified as C and D, represent the pH 4.6 soluble fraction of the 

unheated and heated samples, respectively. After denaturation, proteins aggregate and lose 

solubility at this pH. Since only the supernatant is analyzed, these two last chromatograms show 

peaks of proteins that maintained the native conformation. In chromatogram C, it is possible to 

distinguish the three peaks which indicate the presence of soluble proteins. In contrast, in 

chromatogram D no peaks are observed. This indicates that no native protein was in the pH 4.6 

soluble fraction and leads to the conclusion that full denaturation had occurred after heat treatment.  

 

 

 

 

 

 

 

 

The evolution of the chromatograms concerning heated glucose samples without pH 

adjustment is shown in Figure 3.4. As the glucose concentration increases is no longer possible to 

distinguish three individual peaks since they overlap. In fact, in chromatogram indicated as C and 

D, i.e, for samples containing 30 and 40% (w/w) of glucose, only the wide peak appear shifted to 

the left. 

The whey protein denaturation level was determined relating the amount of protein present 

in a heated pH 4.6 soluble fraction to the unheated one as described in the previous chapter. To 

simplify the data, the areas of the three different peaks were added in both cases. Full denaturation 

was observed after heat treatment for all the different carbohydrates tested when their 

concentration was over 10% (w/w) (Table 3.2). 

Figure 3.3 – RP-HPLC chromatograms obtained for unheated and heated samples (A and B, 
respectively) and the pH 4.6soluble fraction of unheated and heated samples(C and D respectively) 

containing 10% (w/w) of BIPRO 20%(w/w) of glucose. 
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Figure 3.4 – RP-HPLC chromatograms obtained for heated samples containing increasing glucose concentrations 
from A to E: A – 0% (w/w); B – 10% (w/w); C – 20% (w/w); D – 30% (w/w); E – 40% (w/w).  

 
Table 3.2 – Degree of denaturationa for samples containing 10% BIPRO and different types of carbohydrates at  

different concentrations. 

[CH] %(w/w) 
Degree of denaturation (%) 

Sucrose Glucose Maltodextrin 
0 93 93 93 

10 99 99 99 
20 99 100 100 
30 100 100 100 
40 100 100 100 

aDegree o f  denatura t ion  calcula ted according Equat ion 2 .1  

 

SDS-PAGE 

 SDS-PAGE is a technique widely used to separate proteins according to their 

electrophoretic mobility which is a function of the polypeptide chain length and molecular weight. 

This results in a fractionation by size.  

Two different protocols were used in this experience: reducing and non-reducing conditions. 

To perform the first one, samples were heated to near boiling in the presence of a reducing agent, 

DTT that further denatures the protein by reducing disulfide bonds, disabling tertiary and quaternary 

protein folding. When non-reducing conditions were applied, samples were heated to a lower 

temperature and no reducing agent was added. 

Non-reducing conditions were applied to all heated samples and also to the unheated 

sample containing no carbohydrate, which was used as a control.  After scanning the gel no bands 

are observed for the heated samples (lanes 2-14;16), as opposed to the unheated samples (lanes 

1;15), where two bands arose. These bands concern the proteins within the sample, namely, β-lg 
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and α-la. This leads to the conclusion that after heating, the formed aggregates have larger sizes 

that are not allowed to migrate within the gel under non-reducing conditions.  

 

 

 

 

 

 

 

 

 

 

 Control samples  Sucrose Samples  Glucose Samples  Maltodextrin samples 
1/15 0% CH, unheated 3 10%, heated 7 10%, heated 11 10%, heated 

2/16 0% CH, heated 4 20%, heated 8 20%, heated 12 20%, heated 

  5 30%, heated 9 30%, heated 13 30%, heated 

  6 40%, heated 10 40%, heated 14 40%, heated 

Concerning HPLC results, reducing conditions were applied to heated samples containing 

different concentrations of glucose. Sucrose samples were also analyzed in order to compare the 

movement within the gel of the protein fractions obtained. When reducing conditions are applied the 

protein aggregates are fragmented in individual proteins which are able to migrate within the gel. In 

this case bands concern β-lg and α-la in are expected to appear in all lanes at the same migration 

level. However, Maillard reactions are suspected to happen when glucose is present. In the 

obtained gel for reducing conditions (Figure 3.6), is evident that for higher glucose concentrations 

the position of the bands is not aligned with those obtained for sucrose samples. They arose first 

indicating that the Maillard reaction products have different molecular weight than the proteins, 

being in this case, heavier as the glucose concentration increases.  

Colorimetric measurements 

Regarding the results obtained from HPLC and SDS-PAGE and taking into account that 

products obtained from the Maillard reaction are responsible for brown color, colorimetric 

measurements were performed in unheated and heated samples containing sucrose and glucose.  

 Sample containing no carbohydrate and not submitted to heat treatment was used as 

standard and total color difference, ΔE, was calculated for each sample, according to Equation 1.4.  

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Figure 3.5 – SDS-PAGE gels obtained using non-reducing conditions on heated samples containing 
different carbohydrate concentrations and 10% (w/w) BIPRO.  Unheated and heated samples 

containing 0% (w/w) carbohydrate were used as control samples. 
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Figure 3.6 – SDS-PAGE obtained using reducing condition on samples containing different concentrations of 

glucose and 10% (w/w) of BIPRO. Sucrose samples were used as control samples. 

1  0% CH, unheated 5 30% glucose, heated 9 20% sucrose, heated 

2   0% CH, heated 6 40% glucose, heated 10 30% sucrose, heated 

3 10% glucose, heated 7 0% CH, heated 11 40% sucrose, heated 

4 20% glucose, heated 8 10% sucrose, heated 12 0% CH, unheated 

  

The differences in L*, a* and b* are required to this calculation according to the Equations 1.1, 1.2 

and 1.3, respectively.  

The variations in color are presented in Figure 3.7. Unheated samples show similar variations in 

color: as the concentration of carbohydrates increases, the difference aggravates.  The opposite 

occurs for heated samples, for which the variation in color against the standard decreases for 

higher carbohydrate concentration. The presence of glucose results in higher variation especially 

for lower concentrations.  
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Figure  3.7 –  Variation in color of unheated and heated samples containing different concentration of sucrose 
and glucose and 10% (w/w) BIPRO over a standard sample: unheated sample containing 0% (w/w) CH and 10% 

(w/w) BIPRO. 



Heat-induced changes in whey proteins 

| 32 
 

The browning index (BI) was calculated according to Equation 1.5 and values obtained for each 

sample are presented in Table 3.3. All the values obtained are negative which indicates that no 

browning has occurred.  

Table 3.3  - Browning index obtained for heated samples containing different concentrations of sucrose and 
glucose and 10% (w/w) BIPRO 

[CH] 
% (w/w) 

BI 
Sucrose Glucose 

0 -30.2 -30.2 
10 -26.6 -26.4 
20 -27.1 -28.7 
30 -21.0 -35.1 
40 -23.2 -34.5 

 

 The differences in color between the heated samples and the standard it are not a 

consequence of the presence of melanoidins, the final, brown-colored products of the Maillard 

reaction. The registered differences may be due to the addition of carbohydrate in the case of 

unheated samples. In the case of heated samples, the variation in color may result from 

caramelization and protein particles formation. As the carbohydrate concentration increases the 

difference becomes lower. This might be related with the fact that both sucrose and glucose inhibit 

protein unfolding and so particle formation. In this way, samples with higher concentration of 

carbohydrate are more approximated in color to the sample used as standard. As mentioned, the 

presence of glucose leads to higher color differences which not being related with brown 

compounds, can be related with the presence of intermediate compounds of Maillard reactions. 

 Melanoidins can be detected spectrophotometrically at wavelengths between 280 and 290 

nm.  

 
Figure 3.8 – Absorbance measured between 260 to 300 nm for heated samples containing 10% (w/w) of BIPRO and 

different glucose concentrations, in order to detect melanoidins. 
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 There is no evidence of an absorbance maximum value for a wavelength of 300 nm, and so 

the absence of brown compounds was further substantiated.  

Although no melanoidins were detected and the test for browning was negative, the differences 

found in HPLC and SDS-PAGE between glucose and sucrose samples can still be explained by 

Maillard reaction. This reaction is traditionally divided into three stages: the early, advanced and 

final Maillard reaction where melanoidins are produced. In this way the conclusion is that the 

reaction is following one of the earlier stages since no brown compounds were detected.  

Turbidity 

The turbidity of a solution arises due to the presence of particles, generally invisible to the 

naked eye. A qualitative comparison of the turbidity, i.e, of the amount of particles between 

unheated and heated samples is useful for these studies. The obtained absorbances at 900 nm for 

all the samples are presented in Figure 3.9.  
Turbidity is proportional to the number of particles, to their size and to the refractive index 

increment of the solution which is given by the difference between the refractive index of the 

particles and the refractive index of the solvent, according to the follow equation: 

𝑡~𝑠𝑖𝑧𝑒 × 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 × �𝑛𝑝𝑎𝑟𝑡 − 𝑛𝑠𝑜𝑙𝑣� 

The refractive index of the solution increases as the carbohydrate concentration increases. 

That can be observing in Figure 3.9. The refractive index of the particles is expected to be constant 

for heated and unheated samples, assuming that there is no interaction between the protein and 

the carbohydrate molecules. Thus, in the case of unheated samples, the absorbance decrease 

observed may be related with the decrease on the increment of the refractive index. For heated 

samples slightly higher absorbances were obtained comparing with the unheated samples. This is 

probably related with the increase in the number and size of the particles as a consequence of heat 

treatment. Nevertheless, as the carbohydrate concentration increases, the turbidity of heated 

samples also decreases, which indicates that the decrease of the refractive increment exerts a 

stronger effect. The decrease in turbidity may also be related with the presence of carbohydrate 

compounds that might contribute to protein stabilization and so, fewer or smaller particles formation, 

as the carbohydrate concentration increases. When a hydrophilic solute is diluted in water it will 

establish hydrogen bonds with it creating an unfavorable environment to protein denaturation due to 

lower water availability.   

To better understand carbohydrate influence, the turbidity of diluted samples was also 

measured. Three dilutions were performed, 1:1, 1:3 and 1:9 and the respective absorbance 

measured for each heated and unheated sample is shown below in Figures 3.11, 3.12 and 3.13.  

The particles size is the same after dilution, however, the number of particles decreases 

and the refractive index increment of the particles increases as a consequence of adding water. 

[3.1] 
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Figure 3.10 – Refractive index for carbohydrate solutions. 

 

The refractive index of the particles is constant while the refractive index of the solvent 

increases according to the carbohydrate concentration, according with Figure 3.10. When the 

samples are diluted, the refractive index decreases and thus the difference 𝑛𝑝𝑎𝑟𝑡 − 𝑛𝑠𝑜𝑙𝑣 increases.  

The net result observed and according to Equation 3.1, is a decrease of turbidity for higher 

dilutions. 

After dilution, the absorbance measured is expected to decrease as many times as the 

dilution factor. However, this was not observed in the obtained result, which indicates a tradeoff 

between the two effects, i.e. a reduction in the number of particles and an increase in refractive 

index increment. 
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Figure 3.9 – Turbidity results obtained for unheated (left) and heated (right) samples containing 10% (w/w) of 
BIPRO and different concentration of different CH.  
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Figure 3.12 – Turbidity obtained with different dilution factors for samples containing 10% (w/w) BIPRO and 
different concentrations of glucose. Left – Unheated samples; Right – Heated samples 

Figure 3.11 - Turbidity obtained with different dilution factors for samples containing 10% (w/w) of BIPRO and 
different concentrations of sucrose. Left – Unheated samples; Right – Heated samples 
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Particle Size Analysis 

The particle size was evaluated for the heated samples using dynamic scattering light and 

the results obtained are shown below in Figure 3.14.  

For low carbohydrate concentrations, the particle size slightly increases for both glucose 

and maltodextrin. However, for glucose, this increase stops earlier than for maltodextrin, for 

whichthe particle size increases until a concentration of 30%. For sucrose and glucose, particle size 

starts to decrease when the carbohydrate concentration goes from 20 to 30%. This match the 

results previously discussed, i.e, glucose and sucrose exert a bigger influence on the heat induced-

changes than maltodextrin, especially for higher carbohydrate concentrations. Nevertheless, every 

carbohydrate used leads to particle size decrease, with the amount needed to achieve it dependent 

on the type of carbohydrate.  

 
Figure 3.14 – Particle diameter obtained for heated samples containing different types and concentrations of 

carbohydrate and 10% (w/w) of BIPRO. 
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Figure 3.13 – Turbidity obtained with different dilution factors for samples containing 10% (w/w) of BIPRO and 
different concentrations of maltodextrin. Left – Unheated samples; Right – Heated samples 
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Viscosity Measurements 

To determine the flow behavior of the samples, viscosity measurements were performed in 

a viscometer. Viscosity is a material property which is dependent on different parameters such as 

mechanical stress and strain, time as well as temperature and other ambient conditions. In rheology 

two different materials can be distinguish: Newtonian and non-Newtonian materials. The former is 

characterized by a viscosity which may depend on temperature but is independent of the shear 

rate. In contrast, the viscosity of non-Newtonian material depends on the shear rate, which is the 

case of the samples analyzed.  

For a chosen shear rate of 100 s-1, the values of viscosity were collected for unheated and 

heated samples and plotted against carbohydrates concentration (Figure. 3.15). 

 
Figure 3.15 – Trend in viscosity of unheated and heated samples containing 10% (w/w) of BIPRO and different type 

of carbohydrates at different concentration. The viscosity values presented were collected for a shear rate of 100s-1. 

Unheated samples have low viscosity, near to zero. In all cases, for higher carbohydrate 

concentrations it is possible to observe an increase of viscosity which is more pronounced in the 

case of maltodextrin since it is composed of larger molecules. Heated samples have higher 

viscosity, which can be a consequence of two effects: caramelization and particle formation induced 

by heat treatment. For sucrose and glucose, the maximum viscosity values obtained are the same 

order of magnitude. The maximum for sucrose arises for a concentration of 20% and for glucose a 

maximum viscosity is obtained for concentrations near to 30%. For maltodextrin the increase in 

viscosity is more pronounced, being the maximum obtained for concentration near to 30%. At 

increasing carbohydrate concentrations a decrease in viscosity is observed, most prominent in the 

case of maltodextrin.  

The increase in viscosity is the net result of two combined effects: the presence of higher 

amounts of carbohydrate and particle formation as a consequence of heat treatment. To ascertain 

which effect was stronger, solutions containing only carbohydrates were prepared and viscosity was 

measured. The same geometry was used in the same double concentric cylinder arrangement. 
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However, the minimum shear rate that can be applied was not enough to measure the low viscosity 

of these samples. This  means that the presence of carbohydrates are not the main cause for the 

increase in viscosity values and that particle formation affects more strongly the viscosity of heated 

samples.  

It should be noticed that the maxima obtained in viscosity occur at the same concentration 

as the maxima in particle size. This, combined with what was previously mentioned, suggests that 

increases and decreases in viscosity might be related with changes in the size of the particles.  

 

3.1.1.1. Studying different heating temperatures 

Regarding DCS results (Figure 3.1), and for a deeper understanding of the influence of 

carbohydrates on the heat-induced changes of whey proteins, samples containing no carbohydrate, 

20 and 40% of sucrose were heated and kept at its respective denaturation temperature for 10 

minutes. To better understand the influence of temperature, these same samples were also heated 

and kept for 10 minutes at its denaturation temperature plus 5ºC and plus 10ºC, as specified in 

Table 3.4.  
Table 3.4 – Temperatures used to heat selected samples containing 10%(w/w) of BIPRO and sucrose in order to 

understand the role of the temperature in the heat-induced changes. 
[Sucrose] 

(%w/w) 
Heating Temperature (ºC) 

td td+5 td+10 
0% 77.7 82.9 87.9 
20% 81.5 86.5 91.5 
40% 84.8 89.8 94.8 

The same set of analyses described previously was performed for these samples, with the 

exception of DSC. 

Fluorescence Spectroscopy  

To elucidate the unfolding of whey proteins and the influence of heating temperature, 

fluorescence spectroscopy was performed on heated samples (Table 3.5).   

Table 3.5 – Fluorescence emitted from selected samples containing 10% (w/w) of BIPRO and sucrose heated at 
different temperatures 

Heating 
Temperature (ºC) 

[Sucrose] (%W/W) 

0% 20% 40% 
td 214 219 203 

td+5 215 341 223 
td+10 207 183 198 

 

The maximum intensities of fluorescence were obtained, as before, at an excitation wavelength 

of 343 nm and at an emission wavelength of 283 nm.   As expected, high fluorescence intensity 
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values were obtained, indicating the exposition of the fluorescent amino acids as a consequence of 

heat treatment. It was also obtained an unstructured emission once the tryptophan was exposed to 

a polar environment and emissions are ruled by 1La.  

RP-HPLC 

As previously, the degree of denaturation was determined measuring the protein in the 

soluble fraction of samples at pH 4.6, using RP-HPLC (Table 3.6). The degree of denaturation 

increases when the temperature also increases and full denaturation is obtained for samples 

submitted to temperatures higher than the denaturation temperature.  

Table 3.6 – Degree of denaturation for selected sucrose samples containing 10% (w/w) of BIPRO, submitted to 
different heating temperatures. 

[Sucrose] 
%(w/w) 

Degree of Denaturation 
td td+5 td+10 

0 97 99 99 
20 98 99 99 
40 99 100 100 

a Denaturation degree was determined according Equation 2.1 

SDS-PAGE  

Electrophoretic separation, using non-reducing conditions, was performed to these set of 

samples and to the respective unheated ones, which were used as reference. After scanning the 

gel, bands of proteins could be observed only for the lanes with unheated samples (1-3), as 

opposed to the lanes bearing heated samples (4-12), where no bands arose (Figure 3.16). Again, 

after heating, the formed aggregates are not able to migrate into the gel. 

 
Figure 3.16 – SDS-PAGE obtained using non-reducing condition on selected sucrose samples containing 10% (w/w) 

of BIPRO heated at different temperatures. The respective unheated samples were used as a control. 

1 0% (w/w) CH unheated 5 20% (w/w) Sucrose td 9 40% (w/w) Sucrose td+5 
2 20% (w/w) Sucrose unheated 6 40% (w/w) Sucrose td 10 0% (w/w) CH td+10 
3 40% (w/w) Sucrose unheated 7 0% (w/w) CH td+5 11 20% (w/w) Sucrose td+10 
4 0% (w/w) CH heated td 8 20% (w/w) Sucrose td+5 12 40% (w/w) Sucrose td+10 

1 2 3 4 5 6 7 8 9 10 11 12 
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Turbidity 

A strong decrease in turbidity was obtained for samples containing higher sucrose 

concentrations (Figure 3.17). This phenomenon was explained earlier and may be related to the 

increase of the refractive index of the solvent due to the presence of higher amount of sucrose. For 

the same sucrose concentration, no strong variations occur in the absorbance independently of the 

heating temperature.   

 
Figure 3.17 – Absorbance measured for selected samples containing WPI and sucrose submitted to different 

heating temperatures. 

Particle size analysis 

For this experiment, particle size analysis was also performed in the same conditions as 

before and the results obtained are presented in Figure 3.18. For the same sucrose concentration, 

the particle size increases for higher heating temperatures. With exception of the samples heated at 

the denaturation temperature, there is a slight increase followed by a decrease in the particle size, 

as carbohydrate content increases, which is consistent with the previous pattern observed for 

sucrose.  

 
Figure 3.18 – Trends in particle size for selected samples containing sucrose and 10% (w/w) of BIPRO heated at 

different temperatures. 
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 As the applied temperature increases, the denaturation of the whey proteins becomes 

easier, leading to higher degrees of denaturation and to the formation of larger particles. Even for 

the different temperatures used the influence of sucrose on the heat-induced changes is similar to 

that previously seen.  

3.1.1.2. Studying the influence of heating time 

To complement the investigation of the influence of carbohydrates on the heat-induced 

changes on whey proteins, samples with the same content (30% w/w) of the different carbohydrates 

analyzed were heated to 90ºC and kept at this temperature during different times, 5, 10, 15, 20 and 

30 minutes. The heated samples and the respective unheated samples as well, were subject to the 

same set of analysis. 

Fluorescence Spectroscopy 

The values obtained for the fluorescence emitted are higher, as expected for heated 

samples. The maximums in fluorescence intensities were obtained at an excitation wavelength of 

336 nm and 342 nm for unheated and heated samples, respectively, and at an emission 

wavelength of 283 nm for both untreated and treated samples. Again the excitation wavelength was 

shifted for higher values as a consequence of heat treatment, and so due to the environmental 

changes around tryptophan.  

The fluorescence intensity for heated samples is higher than that detected for the unheated 

samples, even for an exposition time of 5 minutes, proving that the heating time does not play a 

major role on protein unfolding.  Again, the fluctuations in the obtained values might result from 

different conformations acquired by the protein after treatment. 

 
Table 3.7 – Fluorescence emitted from samples containing 10% (w/w) of BIPRO and 30% (w/w) of different 

carbohydrates submitted to heat treatment during different times.  

%(w/w)  
Carbohydrate 

Heating times (min) 
0 5 10 15 20 

0% CH 95.4 189 185 258 208 
30% Sucrose 106 208 179 225 226 
30% Glucose 101 180 207 211 209 

30% Maltodextrin 93.2 180 236 216 210 

RP-HPLC 

 The quantitative results of the degree of protein denaturation obtained from RP-HPLC 

analysis are shown in Table 3.8. Full denaturation is observed for samples heated for or longer than 

10 minutes. As expected, lower denaturation degrees were obtained for unheated samples 

increasing as the heating time increases. 
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Table 3.8 – Degree of denaturationa for samples containing 10% (w/w) of BIPRO and 30% (w/w) of different 
carbohydrates. 

% (w/w) CH 
Heating Time (min) 

0 5 10 15 20 30 
0%CH 0 96 100 100 100 100 

30% Sucrose 27 95 100 100 100 100 
30% Glucose 21 94 100 100 100 100 

30%Maltodextrin 26 99 100 100 100 100 
a Denaturat ion degree was determined according to  Equat ion 2.1  

 SDS-PAGE 

For the electrophoretic separation of the whey proteins in this set of samples, non-reducing 

conditions were applied. The unheated sample containing 0% of carbohydrate was used as a 

reference.  After scanning the gels, protein bands are observed only for the lanes with unheated 

sample, as opposed to the lanes with heated samples, where no whey proteins bands arose as a 

consequence of the higher particle dimension (Figure 3.19). 

 

1 0% CH unheated 7 0% CH unheated 13 0% CH unheated 19 0% CH unheated 
2 0% CH 5’  8 30% Sucrose 5’  14 30% Glucose 5’  20 30% Glucose 5’  
3 0% CH 10’ 9 30% Sucrose 10’ 15 30% Glucose 10’ 21 30% Glucose 10’ 
4 0% CH 15’  10 30% Sucrose 15’  16 30% Glucose 15’  22 30% Glucose 15’  
5 0% CH 20’ 11 30% Sucrose 20’ 17 30% Glucose 20’ 23 30% Glucose 20’ 
6 0% CH 30’ 12 30% Sucrose 30’ 18 30% Glucose 30’ 24 30% Glucose 30’ 

 

Turbidity 

Turbidity measurements were performed to the entire set of samples, including unheated 

and heated samples. The results obtained are presented in the Figure 3.20.  

1 2 3 4 5 6 7 8 9 10 

Figure 3.19- SDS-PAGE obtained using non-reducing condition on samples containing 10% (w/w) of BIPRO and 
30% (w/w) of different CH heated at different temperatures. The unheated sample containing 0% (w/w) CH was 

used as a control. 

11 12 13 14 15 16 17 18 19 20 22 24 21 23 
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Figure  3.20 – Turbidity obtained for samples containing 10% (w/w) of BIPRO and 30% (w/w) of different 

carbohydrates submitted to heat treatment during different time. 

 When the exposure time to 90ºC increases it is possible to notice a slight increase in the 

absorbance that may be related with the presence of more or larger particles. There is a 

pronounced difference between the values obtained for samples without carbohydrate and those 

containing carbohydrates, as consequence of refractive index increment decrease. The turbidity 

slightly increases with time for over 5 minutes of exposure. This is consistent with previous results 

and this increase might be a consequence of the formation of larger or more particles. 

  The absorbance obtained for the different carbohydrates is similar for the different heating 

times, with the exception of 30 minutes, for which there is a greater variation in the values obtained 

for the three different carbohydrates. However, overall, in the presence of carbohydrates, changing 

the heating time does not strongly affect turbidity. 

Particle Size Analysis 

 The size of the particles, for all the samples, increases with the heating time, with 

maltodextrin the carbohydrate for which larger particles are obtained (Figure 3.21). This respects 

the earlier results, where it was already concluded that maltodextrin is the carbohydrate with least 

influence on the denaturation of whey proteins. For lower heating times the particle size obtained in 

the presence of glucose and sucrose are approximately the same and lower than the results 

obtained for samples containing no carbohydrate. This difference is lost at 15 minutes. From 20 

minutes on, particle size obtained for samples containing 30% of glucose is higher compared with 

samples containing no carbohydrate or 30% of sucrose. Increasing the heating time may lead to an 

increase in particle size, however this influence is dependent on the carbohydrate present.   
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Figure 3.21 – Particle diameter obtained for samples containing 10% (w/w) of BIPRO and 30% (w/w) of different 
carbohydrates submitted to heat treatment during different times.  

 

3.1.1.3. Studying the influence of BIPRO concentration 

To complete the investigation on the influence of carbohydrates on heat induced changes, 

increasing contents of whey proteins (BIPRO) were tested, namely, 5, 10 and 15% (w/w). Samples 

were heated until 90ºC and kept at this temperature for 10 minutes. Afterwards, the samples were 

cooled down in ice. Samples containing 15% (w/w) BIPRO gelled after heating and no subsequent 

analysis could be performed. The same set of analyses was performed to unheated and heated 

samples that remained liquid.  

 

Differential scanning calorimetry 

 
Table 3.9 – Denaturation temperature of samples containing 30% (w/w) of different carbohydrates and a different 

BIPRO concentration. 

[CH] (%w/w) Denaturation temperature (ºC) 
5% BIPRO 10% BIPRO 

0% Carbohydrate 79.56 78.31 
30% Sucrose 83.65 82.49 
30% Glucose 88.09 88.14 

30% Maltodextrin 79.77 78.89 

Samples containing different amounts of whey protein have about the same denaturation 

temperature. Once more, the presence of carbohydrate increases the denaturation temperature of 

the proteins in the both cases analyzed, being glucose and sucrose the carbohydrates that exert 

greater influence on it, as previously shown. 
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Fluorescence spectroscopy 

 Higher values of fluorescence intensity were detected in both cases for heated samples 

(Table 3.10). When less protein is present in the sample the emitted fluorescence is lower 

comparing with data at higher concentrations of whey protein.  This is according to the expected 

results since for higher concentrations of whey proteins there are more fluorescent residues within 

the sample and so the intensity emitted is higher. When a content of 5% (w/w) of BIPRO was used, 

the maximum fluorescence emitted was detected at an emission wavelength of 334nm for unheated 

samples and 343 for heated samples. For a content of 10% (w/w) of BIPRO, the maximum 

fluorescence was detected at an emission wavelength of 335nm for unheated samples and 342 for 

heated samples. As a result of heat treatment, the fluorescent amino acids are exposure to a polar 

environment where unstructured emission is dominant. 

Table 3.10 – Fluorescence intensity for samples containing 30% (w/w) of different carbohydrates and different 
concentration of BIPRO  

% (w/w) 
Carbohydrate 

5% Bipro 10%Bipro 
Unheated Heated Unheated Heated 

0% Carbohydrate 64.1 113 74.6 214 
30% Sucrose 56.9 135 95.0 250 
30%Glucose 54.2 103 96.8 218 

30% Maltodextrin 55.6 119 99.2 252 
 

RP-HPLC 

 From RP-HPLC results (Table 3.11), it is possible to observe that samples containing 5% of 

Bipro have a slightly lower degree of denaturation when sucrose, glucose, or no CH at all is 

present. However, all the values obtained suggest that the protein denaturation was near-complete 

in all cases.  

Table 3.11 – Degree of protein denaturationa for samples containing 30% (w/w) of different carbohydrates and 
different concentrations of BIPRO. 

% (w/w)  
Carbohydrate 

Degree of Denaturation 
[Bipro] %(w/w) 

5% 10% 
0%Sugar 89 99 

30%Sucrose 97 99 
30%Glucose 98 100 

30%Maltodextrin 100 100 
a Degree of protein denaturation was determined according to Equation 2.1. 

SDS-PAGE 

Non-reducing conditions were applied to the heated samples and the unheated samples 

containing 5 and 10% (w/w) of BIPRO and different types of carbohydrates at different 
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concentrations. The respective samples without carbohydrate were used as a reference.  After 

scanning the gel no bands regarding the whey proteins can be observed, not even in the control 

lanes as it would be expected (Figure 3.22). In this experience no electrophoretic separation 

occurred being inconclusive.  

 

 

 

 

 

 

 

 

1 0% CH; 5% BIPRO unheated 6 0% CH; 5% BIPRO unheated 
2 0% CH; 5% BIPRO heated  7 0% CH; 5% BIPRO heated  
3 30% Sucrose; 5% BIPRO heated  8 30% Sucrose; 5% BIPRO heated  
4 30% Glucose; 5% BIPRO heated  9 30% Glucose; 5% BIPRO heated  
5 30% Maltodextrin; 5% BIPRO heated  10 30% Maltodextrin; 5% BIPRO heated  

 

Turbidity 

 Higher turbidity values were obtained in solutions containing 10% of whey protein in both 

cases of unheated and heated samples (Figure 3.23). The absorbance detected was lower for 

samples containing carbohydrates which corroborate what has been reported previously. 

 
Figure 3.23 – Turbidity for samples containing 30% (w/w) of different carbohydrates and different BIPRO 

concentration.  
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Figure 3.22 – SDS-PAGE obtained using non-reducing condition on samples containing containing 5% and 
10% (w/w) of BIPRO and 30% of a different carbohydrate. Samples containing no CH were used as control.  
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Particle Size Analysis 

The DSL data pertaining to the study on the influence of BIPRO concentration is shown in 

Figure 3.24. Larger particles were obtained for the higher concentration of whey proteins. When 

comparing samples containing 30% of the different carbohydrates, it is possible to notice that for 

different BIPRO concentrations maltodextrin is the carbohydrate that leads to the formation of larger 

particles, which is consisting with previous results. As expected, the presence of higher amounts of 

proteins produces bigger particles since there is more protein submitted to the heat treatment. As 

previously reported, the size of the particles is dependent on the presence and type of carbohydrate 

used. 

 
Figure 3.24 – Particle size obtained for samples containing 30 %(w/w) of different carbohydrates and different 

BIPRO concentrations submitted to heat treatment. 

3.1.2. Influence of CaCl2 concentration 

The invention described in patent US 2009/0087538 allows manipulation of cation-protein 

interactions to promote the formation of aggregates predominantly by non-covalent association on 

heating. This is achieved by having a sufficient amount of divalent cation-protein interactions during 

heating.  

After heat treatment, the samples prepared as described in chapter 2.1.1 became gels, 

depending on the pH of the solution and the concentration of CaCl2. Therefore, the set of analysis 

was changed in this study; instead, gelled samples were submitted to texture analysis. 

Differential scanning calorimetry 

To assess whether the presence of calcium affects the denaturation of whey proteins, DSC 

was performed in samples containing different concentrations of CaCl2 at pHs values of 5.0, 6.5 and 

8.0.  

The results shown in Figure 3.25 disclose that for higher pH values, lower denaturation 

temperatures were obtained when CaCl2 concentration increases. This reveals that the presence of 
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calcium exerts some influence in whey protein denaturation and that this influence depends on the 

pH of the solution. For pH 5.0, no strong variations on the denaturation temperature occurred.  

 
Figure 3.25 – Denaturation temperature of whey proteins in the presence of different concentration of CaCl2 and at 

different pH, determined by DSC. 

Samples at different pH values were submitted to heat treatment.  After the heating period, 

all samples at pH 5.0 (close to the I.P of β-lg) gelled, as did the majority of the samples at the other 

two pH values (Figures 3.26 and 3.27).  

Attempting to obtain liquid samples after heat treatment, samples containing lower protein 

content (8% (w/w)) were prepared and after adjusting the pH to the intended values, sub samples 

were heated to a lower temperature without compromising the denaturation of the proteins. In this 

way, the second heat treatment consisted in lowering the heating temperature by 5°C. After 10 

minutes at 85ºC and cooling, there were more liquid samples than before, but the majority still 

gelled and texture analysis was carried out on the heated samples. 
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Figure 3.26 –Images of gelled samples containing 8% BIPRO and increasing CaCl2 concentration from the left to 
the right after heat treatment at 85ºC for  10 min. A – pH 5.0, B – pH 6.5, C – pH 8.0 

Figure 3.27 – Images of gelled samples containing 10% BIPRO and increasing CaCl2 concentration from the left to 
the right after heat treatment at 90ºC for 10 min. A – pH 5.0, B – pH6.5, C – pH 8.0. 
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Texture analysis 

Texture analysis is primarily concerned with measurement of the mechanical properties of a 

product, by applying controlled forces or deformations to the product and recording its response in 

the form of deformation or force with time. Despite the various parameters that can be measured, 

this study relied on evaluating the hardness of the gels. Hardness is defined as the force necessary 

to attain a given deformation and in a chart force vs time corresponds to the peak force of the first 

compression cycle.  

Since after adjusting the pH to 5.0 a precipitate was formed, the gels obtained after heat 

treatment are not representable and texture analysis were not performed on these samples. For the 

remained gelled samples, the peak force values were collected and plotted in Figure 3.28 where the 

evolution of gel hardness for different CaCl2 concentrations may be observed. For both pH values, 

hardness starts to increase with CaCl2 concentration, until reaches a maximum value at 10mM and 

at 20mM CaCl2 for pH 6.5 and 8.0, respectively. At higher pH, the maximum occurs for a higher 

concentration of CaCl2. This might be because at higher pH the proteins are more negatively 

charged and more calcium ions are needed to null the charges. The observed trend indicates that 

higher concentrations of calcium, i.e. divalent ions, lead to the formation of softer gels. The addition 

of divalent ions drives the equilibrium in favor of a system where divalent ion-protein interactions are 

likely to occur, preventing disulphide bond formation. Compared to disulfide associated proteins, 

non-covalent linked denatured proteins can readily be broken by mechanical shear after heat 

treatment. 

 
Figure 3.28 – Maximum force exert to attain a given deformation of the gels obtained from treating samples 

containing 8% (w/w) BIPRO and different CaCl2 concentrations submitted to 85ºC during 10 minutes. 

3.1.3. Influence of KIO3 concentration 

Differential scanning calorimetry 

As previously, to evaluate if the presence of potassium iodate exerts influence on whey 

proteins heat denaturation, samples prepared with different concentration of this compound were 
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submitted to DSC analysis. The obtained results, shown in Table 3.12, reveal no variations on the 

denaturation temperature, regardless of KIO3 concentration.   

Table 3.12 – Denaturation temperature of unheated samples containing 10% of BIPRO and different concentrations 
of KIO3. 

[KIO3] 
mM 

Denaturation 
Temperature (ºC) 

0 78.5 
0.01 78.3 

0.025 78.2 
0.05 77.8 
0.1 77.7 
0.25 78.2 
0.5 78.5 

 

Fluorescence Spectroscopy 

 To confirm the occurrence of protein denaturation, fluorescence spectroscopy was 

performed to unheated and heated samples, as previously. The maximum fluorescence intensity 

occurred at an excitation wavelength of 283 nm in both heated and unheated samples. Unheated 

samples emitted the higher fluorescence value at a wavelength of 336 nm while heated samples 

emitted at 342 nm, as also observed when studying the influence of carbohydrates on whey protein 

denaturation. The variation on the emission wavelengths between unheated and heated samples, 

are again related to the changes in the environment surrounding the tryptophan: in a polar solvent 

unstructured emission is dominant and the emission wavelength is shifted for higher values. The 

obtained results are summarized in Table 3.13. As expected the fluorescence measured for the 

heated samples is always higher than for the unheated samples, indicating again the exposure of 

the amino acids that contribute to the intrinsic fluorescence as a consequence of protein unfolding. 

 The absence of a trend along the values obtained for fluorescence intensity is due to 

different conformations that the protein may acquire after unfolding and after aggregation. 

Table 3.13 – Fluorescence emitted from unheated and heated samples containing 10% of BIPRO and different 
concentration of KIO3. 

[KIO3] 
(mM) 

Fluorescence Emitted 
Unheated Heated 

0 95.5 236 
0.01 95.4 182 

0.025 92.3 213 
0.05 113 205 
0.1 113 187 
0.25 91.3 219 
0.5 96.2 211 
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RP-HPLC 

  RP-HPLC was performed for a quantitative analysis of the degree of denaturation. The 

chromatograms obtained for the usual four different conditions analyzed have the same shape than 

the one shown previously for carbohydrates (Figure 3.30). The degree of denaturation was 

calculated for each sample (Table 3.14) and demonstrated that full denaturation was achieved for 

every sample. 

 

 

Table 3.14 – Degree of denaturationa after heat treatment of samples containing 10% (w/w) of BIPRO and 
KIO3different concentrations. 

[KIO3] mM Degree of  
denaturation (%) 

0 97 
0.01 99 
0.025 100 
0.05 99 
0.1 99 
0.25 100 
0.5 100 

a Degree of  denaturat ion was determined  
according to Equat ion 2.1  

SDS-PAGE 

 SDS-PAGE was performed on unheated and heated samples and only non-reducing 

conditions were applied (Figure 3.30). No protein bands are observed for heated samples. As 

before, the size of protein aggregates prevents their migration into the gel. This confirms the results 

obtained from RP-HPLC ensuring protein denaturarion and particle formation as a consequence of 

Figure 3.29 – RP-HPLC chromatograms obtained for unheated and heated samples (A and B, 
respectively) and the pH 4.6soluble fraction of unheated and heated samples(C and D 

respectively) containing 0.25mM of KIO3 and 10% (w/w) of BIPRO. 
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heat treatment. In contrast, in lanes with unheated samples two bands arose, concerning β-lg and 

α-la. 

 

 

 

 

 

 

 

 

1 0mM KIO3 unheated 8 0mM KIO3 heated 
2 0.01mM KIO3 unheated 9 0.01mM KIO3 heated 
3 0.025mM KIO3 unheated 10 0.025mM KIO3 heated 
4 0.05mM KIO3 unheated 11 0.05mM KIO3 heated 
5 0.1mM KIO3 unheated 12 0.1mM KIO3 heated 
6 0.25mM KIO3 unheated 13 0.25mM KIO3 heated 
7 0.50mM KIO3 unheated 14 0.50mM KIO3 heated 

 Turbidity 

Turbidity at 900 nm and 25ºC was measured for unheated and heated samples containing 

KIO3 and the results are presented in the Figure 3.31.  

 
Figure 3.31 – Turbidity of unheated and heated samples containing 10% BIPRO and different concentrations of KIO3 

No significant variations are observed in the values of absorbance obtained for different 

concentrations. As for carbohydrate analysis (Figure 3.9), heated samples have just slightly higher 

turbidity values than unheated samples in consequence of particle formation. In contrast to what 
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(w/w) of BIPRO and different concentrations of KIO3 
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happened for carbohydrates, there is no decrease in turbidity as the KIO3 concentration increase. 

This corroborates the fact that the variation on the refractive index of the solution due to increasing 

concentration of carbohydrate has a strong effect on the turbidity measured.   Nevertheless, it also 

excludes any special effect induced by KIO3 and, consequently, by oxidation of sulphydryl moieties 

in amino acid residues.  

Particle Size Analysis 

 Particle size analysis was performed to heated samples and the results obtained are shown 

in Figure 3.32. Particle size is approximately constant for lower KIO3 concentrations, undergoing a 

slight increase for higher concentrations. Following the previous results, the presence of KIO3 does 

not also strongly affect particle size.  

 
Figure 3.32 – Particle diameter obtained for samples containing 10% of BIPRO and different concentrations of KIO3 

submitted to heat treatment. 

 

3.1.4. Influence of different proportions of β-lg and α-la 

To complete the analysis on the heat-induced changes on whey proteins, samples 

containing different proportions of β-lg and α-la were prepared as described in chapter 2. These 

samples were submitted to the same set of analysis applied before in order to assess whether 

different proportions of this proteins exert influence on their heat-induced changes.  

At first, samples containing 10% overall protein concentration were prepared. However, 

since samples containing higher ratios of β-lg gelled after heat treatment, samples containing lower 

overall protein concentrations, namely 8 and 9% (w/w) were also prepared. After heat treatment all 

the samples remained liquids being possible to analyze them all.  

Differential scanning calorimetry 

As for the others compounds analyzed previously, the first step consisted in determining the 

denaturation temperature of each unheated sample. The results obtained are presented in Figure 
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3.33, and reveal that for higher β-lg/α-la ratio, the denaturation temperature increases, which can be 

explained by a higher denaturation protein characteristic of pure β-lg. This increase is more 

pronounced when the overall protein concentration is lower probably due to the lower amount of 

protein to denaturate. 

 
Figure 3.33 – Denaturation temperature of samples containing 8%, 9% and 10% (w/w) total protein and with different 
proportions of of β-Lg and α-La using DSC. 1- 100% α-la; 2 - 75% α-la, 25% β-lg; 3 - 50% α-la, 50% β-lg; 4 - 25% α-la, 

75% β-lg, 5 - 100% β-Lg. 

 

Fluorescence Spectroscopy 

 To ensure protein unfolding, fluorescence spectroscopy was performed on unheated and 

heated samples (Table 3.15). The unfolding of protein as a consequence of heat treatment leads to 

the exposure of the amino acids responsible for the intrinsic fluorescence as explained before, thus 

the maximum values of emitted fluorescence of heated samples are higher than those obtained for 

unheated samples.  

For both unheated and heated samples, 283 nm was the excitation wavelength that led to 

the higher fluorescence values. For heated samples the maximum fluorescence was emitted at 343 

nm while for unheated samples it was emitted at 334 nm. For these set of samples is possible to 

observe the same as earlier: after heat treatment protein denaturates and exposes tryptophan 

residues to the polar solvent where unstructured emission is dominant, and so the wavelength is 

shifted to higher values. 

Table 3.15 – Fluorescence intensity (u.a.) emitted from unheated and heated samples containing 8%, 9% and 10% 
(w/w) of total protein and with different proportions of β-lg and α-la  

Sample 
Name 

8% 9% 10% 
Unheated Heated Unheated Heated Unheated Heated 

100% α-la 69.0 136 82.0 126 85.5 148 
75% α-la, 25% β-lg 65.0 125 78.7 134 77.6 167 
50% α-la, 50% β-lg 66.3 131 69.9 163 - - 
25% α-la, 75% β-lg 88.0 171 79.4 218 - - 

100% β-lg 72.2 136 80.2 151 - - 

66

68

70

72

74

76

78

1 2 3 4 5

D
en

at
ur

at
io

n 
Te

m
pe

ra
tu

re
 (º

C
) 

Sample Number 8% 9% 10%



 

| 55  
 

High pressure-induced changes in whey proteins 

RP-HPLC 

 As previously, HPLC was performed to evaluate the degree of protein denaturation whereby 

the same four conditions were tested on unheated and heated samples (Table 3.16). The 

chromatograms obtained for this experience have the same appearance than those obtained for 

carbohydrates and are not presented in this section. Full denaturation is observed when higher 

amounts of β-lg are present in the sample. Lower degrees of denaturation were obtained for 

samples containing higher proportion of α-la. This may be related to the fact that β-lg has a free 

thiol group that favors the irreversibility of its denaturation. 

Table 3.16 – Degree of denaturationa as a consequence of heat treatment of samples containing 8%, 9% and 10% 
(w/w) of total protein and with different proportions of of β-lg and α-la. 

Sample name 
[Protein]Total %(w/w) 
8% 9% 10% 

100% α-la 93 93 93 
75% α-la, 25% β-lg 99 98 100 
50% α-la, 50% β-lg 99 99 - 
25% α-la, 75% β-lg 100 99 - 

100% β-lg 100 95 - 
a Degree of denaturation was calculated according to Equation 2.1 

SDS-PAGE 

Non-reducing conditions were applied on heated samples containing 8 and 9% (w/w) of 

overall protein from dilution of 10% protein solutions (Figure 3.34). Unheated samples containing 

only α-la, only β-lg and equal amounts of both were used as control samples in both cases. For the 

unheated samples containing the same amount of α-la and β-lg the respective bands can be 

observed in the gel. For the samples containing only α-la or only β-lg not submitted to heat 

treatment is also possible to observe the band respecting each protein. In the case of heated 

samples no bands are observed. As before, the size of protein aggregates prevents their migration 

within the gel. This confirms the results obtained from RP-HPLC ensuring protein denaturarion and 

particle formation as a consequence of heat treatment.  

 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Figure 3.34 – SDS-PAGE gels obtained using non-reducing conditions on heated samples containing different 
proportions of α-la and β-lg. Unheated samples containing only α-la and only β-lg and equal amounts of these 

proteins were used as control samples.  
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 8% overall protein  9% overall protein 
1 100% α-la unheated 9 100% α-la unheated 
2 100% α-la heated 10 100% α-la heated 
3 75% α-la; 25% β-lg  heated 11 75% α-la; 25% β-lg  heated 
4 50% α-la; 50% β-lg  unheated 12 50% α-la; 50% β-lg  unheated 
5 50% α-la; 50% β-lg  heated 13 50% α-la; 50% β-lg  heated 
6 25% α-la; 75% β-lg  heated 14 25% α-la; 75% β-lg  heated 
7 100% β-lg  heated 15 100% β-lg  heated 
8 100% β-lg  unheated 16 100% β-lg  unheated 

Turbidity 

 The absorbance at 900 nm was measured at 25ºC to unheated and heated samples 

containing 8%, 9% and 10% as overall protein concentration. The obtained results are presented in 

Figure 3.35. 

Heated samples are associated with slightly higher absorbance for samples containing 

higher amounts of α-la. When the amount of this protein decreases and β-lg becomes predominant, 

the difference between the absorbance of unheated and heated samples increases. Again, this is 

probably related to the free thiol group in β-lg, which facilitates particle formation contributing for the 

irreversibility of the denaturation of this protein, and so for the higher turbidity of the samples 

submitted to heat treatment. As expected, higher overall protein concentration leads to higher 

absorbance values since greater amount of protein is submitted to heat treatment.  

Particle size analysis 

 Particle size analysis was carried out using the same conditions as before (Figure 3.36). An 

overall protein concentration of 8% revealed lower particle size after heat treatment. For a 10% of 

Figure 3.35 – Turbidity of samples unheated (left) and heated (left) samples containing 8%, 9% and 10% (w/w) 
of total protein and different proportions of of β-lg and α-la. 1- 100% α-la; 2 - 75% α-la, 25% β-lg; 3 - 50% α-la, 

50% β-lg; 4 - 25% α-la, 75% β-lg, 5 - 100% β-Lg. 
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overall protein samples containing only α-la have lower particle size than samples containing 9% of 

overall concentration, however, based on the observed trend, the size determined for 100% of α-la 

for 9% protein concentration is higher than expected.  

 The results show that the size of the particles is dependent on the type and amount of whey 

protein present. Smaller particles are obtained when higher amounts of α-la are present. As the 

amount of β-lg increases an increase in particle size is observed which is followed by a decrease. 

α-la may be prepared differently and depending on that it may contain proteins that lost their native 

conformation before treatment. This will affect the solubility of the proteins, and particles may exist 

in solution prior to heat treatment that may act as nucleus for further aggregation after denaturation, 

which justifies the increase in size until sample 4. A lower diameter obtained for sample 5 

containing only β-lg would be than expected since native protein is obtained after purification, 

excluding the nucleation phenomena. 

 
Figure 3.36 – Particle diameter of heated samples containing samples containing 8%, 9% and 10% (w/w) of total 

protein and different proportions of of β-Lg and α-La. 1- 100% α-la; 2 - 75% α-la, 25% β-lg; 3 - 50% α-la, 50% β-lg; 4 - 
25% α-la, 75% β-lg, 5 - 100% β-Lg.  

3.2. High pressure induced changes in whey proteins 

In the previous results, carbohydrates revealed to exert a strong influence on the heat 

induced changes of whey proteins; therefore, these compounds were analyzed most thoroughly 

and its influence on whey protein changes caused by high pressure was investigated. High 

pressure processing causes complex changes in the structure and reactivity of biopolymers such as 

proteins, causing unfolding of the molecular structure followed by aggregation.  

To perform this study, the same set of analyses was applied to samples containing different 

carbohydrate concentration submitted to different high pressures, namely 200, 400 and 600 MPa 

for 5 min. 

Fluorescence Spectroscopy  

 Table 3.17 shows the results of fluorescence spectroscopy for samples containing 10% 

(w/w) of BIPRO and sucrose submitted to HPP. The results obtained with the others two 
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carbohydrates lead to the same conclusions whereby they are not shown in this section, but can be 

found in Appendix C. 

 In the case of high pressure treatment there are no differences in fluorescence intensity 

between the untreated sample and the treated samples. As oppose to the heat treatment, the 

emission wavelength concerning the maximum fluorescence emitted was not shifted to higher 

values as a consequence of HPP. In this case the emission wavelength was 337 nm for the 

untreated and treated samples, while the excitation wavelength 283. Upon these results, it is 

possible to suspect that if denaturation occurred, it did not on its full extension once there is no 

evidence of exposure of tryptophan to the polar solvent. A quantitative analysis is needed to confirm 

this hypothesis.   

Table 3.17 – Fluorescence intensity emitted from samples containing 10% (w/w) BIPRO and different concentrations 
of sucrose submitted to 0, 200, 400 and 600 MPa during 5 minutes. 

Sucrose Concentration 
%(w/w) 

Pressure (MPa) 
0 200 400 600 

0 113 104 99 113 
10 121 104 106 121 
20 107 110 94 107 
30 111 113 101 111 
40 116 99 89 116 

RP-HPLC 

 RP-HPLC was performed as a quantitative method to measure the amount of whey protein 

denaturated upon high-pressure treatment. The chromatograms with respect to pH 4.6 soluble 

fractions in this case differ from the others obtained for the previous experiments with heat 

treatment. The chromatograms representing pH 4.6 soluble fractions containing 20% (w/w) of 

glucose submitted to 200, 400, and 600 MPa are presented in Figure 3.37. In every chromatogram   

is possible to observe the three peaks regarding the whey proteins, which means that there is 

soluble protein, i.e., with native conformation in the supernatant even after high pressure treatment. 

The degree of denaturation was determined by measuring the level of protein in the pH 4.6 
Table 3.18 – Degree of protein denaturation of samples containing 10% (w/w) of BIPRO and different concentrations 

of different types of carbohydrates, submitted to high pressure, namely 200, 400 and 600 MPa. 
  Pressure (MPa)  

[Carbohydrate]  
% (w/w) 

200 400 600 200 400 600 200 400 600 
Sucrose Glucose Maltodextrin 

0 0 8 21 0 8 40 12 8 40 
10 10 17 26 7 18 22 0 14 27 
20 0 16 24 9 13 12 19 19 28 
30 0 2 11 0 0 0 0 10 31 
40 1 3 4 0 0 0 12 13 23 
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soluble fractions and relating it with a control sample. For all the carbohydrates analyzed the degree 

of denaturation is low reaching a maximum of 40% for a high pressure of 600MPa. For the 

remaining pressures applied the degree of denaturation obtained is even lower. It is also evident 

that the degree of denaturation obtained at 600 MPa decreases as the sucrose and glucose 

concentration increases. The presence of maltodextrin also leads to a decrease in the degree of 

denaturation, but the percentages obtained are approximately constant for this pressure. For a 

pressure of 400 MPa, a maximum in the degree of denaturation is obtained at 10% for sucrose and 

glucose and at 20% for maltodextrin.   

SDS-PAGE 

SDS-PAGE under non-reducing conditions was performed to samples containing 10 and 

30% (w/w) of different carbohydrates, submitted to treatment at 200, 400 and 600 MPa. Samples 

not submitted to any treatment were used as control samples. Figure 3.38 presents the gels 

obtained for WPI samples submitted to 200 MPa which are representative of the data obtained for 

the all pressures used. The protein bands concerning the whey proteins arose in every lane 

meaning that native protein remained in the samples after being submitted to high pressure, as it 

was previously seen when HPLC results were discuss. Is also possible to notice that the bands 

concerning β-lg are brighter than the ones representing α-la, this is an expecting result since this 

protein is more sensitive to high pressure due to the presence of a free thiol group, and aggregates 

are prevented from migrating in the gel due to their size. 

 

 

Figure 3.37 – RP-HPLC chromatograms regarding pH 4.6 soluble fractions of samples containing 10% (w/w) of 
BIPRO and 20% (w/w) of glucose after submitted to high-pressure treatment.   
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 0 MPa  200 MPa 
1/8/16 0% (w/w) Sugar  9 0% (w/w) Sugar  

2 10% (w/w) Sucrose  10 10% (w/w) Sucrose  
3 10% (w/w) Glucose  11 10% (w/w) Glucose  
4 10% (w/w) Maltodextrin  12 10% (w/w) Maltodextrin  
5 30% (w/w) Sucrose  13 30% (w/w) Sucrose  
6 30% (w/w) Glucose  14 30% (w/w) Glucose  
7 30% (w/w) Maltodextrin  15 30% (w/w) Maltodextrin  
 

Turbidity  

 After HPP, absorbance was measured at 900 nm at 25ºC (Figure 3.39).  It is possible to 

notice that for the same carbohydrate concentration no strong variations occurred in the measured 

absorbance for samples submitted to different high pressures. Nevertheless, as previously, the 

presence of carbohydrate leads to a decrease in turbidity as its concentration increases, which is 

probably related with the decrease of the refractive increment (Equation 3.1). 

 

Particle Size Analysis 

 Particle size analysis was performed to samples submitted to high pressure and the results 

obtained for each carbohydrate are presented in the following charts. This experience was not 

performed on untreated samples since they are too polydisperse and the results are not reliable.  

 The obtained results shown in Figure 3.40 reveal that at a pressure of 200 MPa there is no 

significant difference in particle size for samples containing sucrose and glucose. At higher 

pressures, a slight increase is noticed for these two carbohydrates from a concentration of 10%. 

Maltodextrin induces an opposite effect, causing a decrease in particle size independently of the 

pressure applied. In the case of HPP it is not possible to evaluate the extension of the influence on 

protein denaturation by the presence of carbohydrates like it was possible when heat treatment was 

studied (DSC). The protein aggregation after unfolding is influenced by the viscosity of the solution. 

Under pressure, higher concentrations of maltodextrin lead to higher viscosities which may limit the 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Figure 3.38 -– SDS-PAGE gels obtained using non-reducing conditions on samples containing 10 and 30% 
(w/w) of different CH submitted to 200 MPA. The respective untreated samples were used as control 

samples 
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movement of the unfolded proteins and so aggregation. In this way, the particles formed will have 

smaller diameters.   

Viscosity Measurements 

 To finish the analysis of the high pressure treatment, viscosity measurements were 

performed. The viscosity values obtained at a shear rate of 100 s-1 were collected and plotted 

against the carbohydrate concentrations, as is shown in Figures 3.41. As it is possible to see, 

applying high pressure does not lead to strong variations in viscosity of samples containing 

carbohydrates. In fact the behavior is close to the one where no treatment was applied. Heat 

treatment led to greater variation on the viscosity of the samples. Besides the carbohydrate 

caramelization effect, these variations were mainly attributed to particle formation. In this case, and 

concerning HPLC and particle size analysis, it would be already expected that viscosity remained 

approximately constant. The variation seen for treated samples match those obtain for untreated 

sample, which is consistent with the previous results. 
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Figure 3.40 – Particle size obtained for samples containing different type and different concentration of carbohydrates and 10% (w/w) of BIPRO submitted to high 
pressure treatment. Left 200 MPa, Middle: 400 MPa, Right: 600 MPa. 

Figure 3.39 – Turbidity results obtained for samples containing different concentrations of different carbohydrates and 10% (w/w) BIPRO submitted to high pressure 
treatment, namely 200, 400 and 600 MPA. 
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Figure 3.41 – Trend in viscosity of samples containing different concentration of different type of carbohydrates and 10% (w/w) BIPRO submitted to high pressure 
treatment. The viscosity values presented were collected for a selected shear rate. 
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4. Conclusions 
 

Whey proteins are currently used as food ingredients and find applications in a wide variety 

of non-dairy food products submitted to heat or high-pressure treatments.  These results aid the 

understanding of the behavior of milk proteins in systems of high carbohydrate, such as evaporated 

milk, sweetened condensed milk and caramels. 

The aim of this study was to provide information about the denaturation caused by the 

mentioned treatments and aggregation of whey proteins in the presence of carbohydrates, a 

sulphydryl-oxidizing agent, KIO3,  and CaCl2.  

 Results lead to the conclusion that the thermal behavior of whey proteins in the presence 

of carbohydrate strongly deviates from that under normal conditions whey. The type of 

carbohydrate and its concentration can be combined and used to tailor the heat-induced 

aggregation of whey proteins for the production of particles with the desirable size and properties.  

The increase on viscosity when heat treatment was applied in the presence of 

carbohydrates suggest that studies should be performed in order to evaluate whether there is 

interactions between the whey proteins and the carbohydrates. 

Potassium iodate showed no significant influence on the heat-induced changes of the whey 

proteins .  

The presence of calcium chloride led to gel formation after heat treatment which was 

dependent on the CaCl2 concentration and the adjusted pH. Although, according with the patent US 

2009/0087538, it was not expected to obtain gels, this methodology is suitable to control the 

hardness of a whey protein gel.  

High pressure treatment was performed only in the presence of carbohydrates and revealed 

not to be so effective when it comes to whey protein denaturation being less suitable when the 

purpose is particle production, comparing with the heat treatment. The maximum pressure used 

was 600 MPa which was applied for 5 minutes. In lab scale the application time could be extend for 

10 minutes but this is not viable on the industrial scale.  

In this work the influence of carbohydrates on whey proteins was performed in systems 

where whey protein is the only source of protein, the next step should be to evaluate how the 

presence of casein in the system will affect the trends and effects that were observed. Given that a 

lot of high-carbohydrate systems contain both caseins and whey proteins, for instances caramel or 

sweetened condensed milk, and the heat-induced denaturation of whey proteins and their 

association with caseins is extremely important in texture and stability. 
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Appendix 
A.  Dimensions and characteristics of the geometries used in viscosity 

measurements 
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Table 0.1 – Characteristic dimensions of geometry MV1 
Geometry Ri (mm) Re (mm) Gap (mm) 
MV1 20.039 21.489 1.45 
 

Table 0.2 – Characteristic dimensions of geometry NV 
Geometry R1 (mm) R2 (mm) R3 R4 (mm) 
NV 17.495 17.850 20.093 20.510 
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Figure 0.1 – Geometries used to measure viscosity: Left MV1; Right: NV 
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B.  Marker used in SDS-PAGE 
 

Table 0.3 –BioRad Prestained SDS-PAGE standards Broad Range 
Protein Calibrated MW (daltons) on TRIS-HCl gel 
Myosin 203,823 

Β – galactosidase 117,010 
BSA 77,865 

Ovalbumin 52,200 
Carbonic anhydrase 36,808 

Soybean trypsin inhibitor 28,569 
Lysosyme 19,321 
Aprotinin 6.614 
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C. High –pressure induced changes in whey proteins:  
fluorescence spectroscopy results for glucose and maltodextrin 

 

Table 0.4 – Fluorescence emitted from samples containing 10% (w/w) BIPRO and different concentrations of 
glucose submitted to 0, 200, 400 and 600 MPa during 5 minutes. 

Glucose Concentration 
%(w/w) 

Pressure (MPa) 
0 200 400 600 

0 113 104 98.5 113 
10 104 106 106 107 
20 102 104 98.0 110 
30 99.3 111 101 112 
40 107 106 94.3 109 

 

 

Table 0.5 – Fluorescence emitted from samples containing 10% (w/w) BIPRO and different concentrations of 
maltodextrin submitted to 0, 200, 400 and 600 MPa during 5 minutes. 

Maltodextrin Concentration 
%(w/w) 

Pressure (MPa) 
0 200 400 600 

0 113 104 98.5 113 
10 96.2 108 90.1 114 
20 100 107 91.0 112 
30 106 92.5 110 105 
40 96.6 98.2 87.3 126 
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