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Abstract  

The demand for melted cheese as an ingredient pressures cheese manufacturers to provide cheese with perfect 

melting properties for each application. The goal of this project was to work towards a more complete 

understanding of the process and what influences it.  

The first part of the project aimed to deepen the understanding of micellar behavior under cheese conditions. 

For that, micellar casein isolate (MCI) solutions adjusted in terms of pH and salt, were subjected to turbidity 

measurements (20℃ to 80℃ and back to 20℃) and the heat-induced changes in protein distribution were 

studied. The results showed that adjusting pH to 5.7 and 5.3 in combination with the addition of 2 or 5% NaCl led 

to disintegration of the casein micelles. Upon heating, samples with adjusted pH showed aggregation of the 

casein particles in solution, this being more accentuated for the samples with both pH and salt adjusted. The 

second part of the project was focused on cheese to understand its melting and cooling process and how 

composition influences it. CLSM observation showed changes in fat distribution after melting. Rheology 

measurements were performed in cheese with adjusted composition. The results showed that increasing the 

NaCl content and the pH of the cheese from 5.4 to 5.7 retarded the onset of the melting and decreased the 

fluidity reached.  Lowering the pH to 5.1 had an impact on the maximum tan 𝛿, lowering it, but did not influence 

the temperature at which the melting happens. Lowering pH to 4.7 impaired the melting. Calcium chloride and 

citric acid were added to cheese and the first showed to hinder the melting and the latter appeared to help it. 

The obtained results on cheese melting could allow manufacturers to tailor/differentiate the products according 

to specific requirements by customers.   
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Resumo  

A procura por queijo derretido como ingrediente pressiona os fabricantes de queijo a fornecer queijo com 

características de fusão adequadas a cada aplicação. O objetivo deste projeto era trabalhar para uma 

compreensão mais completa do processo de fusão e o que o influencia.  

A primeira parte do projeto teve como objetivo aprofundar o conhecimento acerca do comportamento micelar 

sob condições encontradas em queijo. Para isso, soluções de isolado de micelas de caseína (MCI) ajustadas em 

termos de pH e sal foram submetidas a medições de turbidez (20℃ para 80℃ de volta a 20℃) e aquecimento de 

maneira a estudar a influência da temperatura na distribuição de proteínas. Os resultados mostraram que ajustar 

o pH para 5,7 e 5,3 em combinação com a adição de 2 ou 5% de NaCl levou à desintegração das micelas de 

caseína. Após o aquecimento, as amostras com pH ajustado mostraram agregação das partículas de caseína em 

solução, sendo este efeito mais acentuado para as amostras com ajuste de pH e sal. A segunda parte do projeto 

foi focada no processo de fusão e arrefecimento de queijo e como a composição o influencia. A observação por 

CLSM mostrou alterações na distribuição de gordura após derretimento. Medições de reologia foram realizadas 

em discos de queijos em que a composição do queijo foi ajustada. Os resultados mostraram que o aumento do 

teor de NaCl e do pH do queijo de 5,4 para 5,7 retardam o início do derretimento e diminuem a fluidez obtida. 

Reduzir o pH para 5,1 teve um impacto no valor de tan δ máximo, diminuindo-o, mas não influenciou a 

temperatura à qual ocorre a fusão. Reduzir o pH para 4,7 prejudicou a fusão devido à proximidade ao ponto 

isoelétrico das caseínas. Cloreto de cálcio e o ácido cítrico foram adicionados ao queijo. A adição do primeiro 

mostrou dificultar o derretimento e o último pareceu ajudar. Os resultados obtidos sobre o processo de fusão 

podem permitir que os fabricantes adaptem e diferenciem os produtos consoante os requisitos específicos dos 

clientes. 
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1. Introduction  

1.1. NIZO  

NIZO was founded in 1948 and has built a track record of exploring new scientific frontiers and the application of 

new science and technology in industry. NIZO nowadays provides its R&D services to the dairy industry as well 

as to other food companies. Located in Ede, The Netherlands, the company has its main focus on three different 

areas: Bacteria, Proteins, and Processing [1] [2]. 

1.2. Aim of the project 

Melting is one of the most important user properties of cheese, for instance when used on food products like 

pastas, burgers or pizzas. With strong increases in demand for cheese as an ingredient, demands on cheese 

manufacturers to provide cheese with perfect melting properties for each application are also increasing. 

Underlying understanding of the mechanisms which govern the melting are still poorly understood, particularly 

in relation to protein interactions in the cheese matrix and how they are affected when temperature increases.  

A more complete understanding would enable a more efficient development of cheeses with predictable melt 

and flow behavior characteristics. 

1.3. Literature Review 

1.3.1. Dairy Proteins 

1.3.1.1. Caseins 

Casein is the major protein component of bovine milk, covering approximately 80% of the total milk protein. In 

approximate relative quantities of 4:1:3.5:1.5, there are four individual types of casein molecules, the αs1-, αs2-, 

β-, and κ-caseins, respectively. In milk, the casein, together with calcium phosphate, form aggregates of several 

thousand individual protein molecules with average diameters of 150 to 200 nm, known as casein micelles. The 

micelles can be moderately heated or cooled without significant aggregation or disruption of their basic 

structures. On the other hand, they are easily destabilized, either by treatment with proteolytic enzymes or by 

acidification, to give the coagula, which is the base of cheeses and yogurt-type products [3]. When milk is 

converted into cheese, casein and fat are concentrated, whereas the other milk components, especially water, 

lactose and whey protein, are mainly removed along with the whey, making casein the major protein component 

in cheese [4]. 

Casein micelle structure  

A typical casein micelle contains thousands of casein molecules, most of which form thermodynamically stable 

complexes with nanoclusters of amorphous calcium phosphate. The study of the micelle structure is easily 

disturbed by many of the usual methods of determining protein structure because the open structure of the 

protein matrix of casein micelles is fragile and easily perturbed by changes in the environment and as a result, 

the reliable determination of the native structure of casein micelles continues to be extremely challenging and 

very little can be concluded with certainty [5]. However, it is well established that, most, if not all, of the κ-casein, 
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is found on the surfaces of the micelles. As noted by Fox [6] , k-casein must be located to be able (1) to stabilize 

the calcium-sensitive caseins, (2) to allow rapid and specific hydrolysis by chymosin and similar proteases and (3) 

to permit complex formation with whey proteins when heated in normal milk. The arrangement that would best 

suit these requirements is a surface layer of k-casein, an arrangement that also satisfies the observation that k-

casein content is inversely proportional to micelle size across the micelle size distribution. k-casein is thought to 

limit the growth of the particles by binding to the surface of growing aggregates formed by the three other 

caseins and the calcium phosphate [7].  This κ-casein causes the micelle to be stable against aggregation, because 

part of the molecule, the macropeptide corresponding to residues 106–169 of the protein, appears to be 

extended from the micellar surface to create a layer, estimated to be 5–10 nm thick, around the particles that 

provides steric stabilization to the micelles so that they cannot approach each other closely [3].  

Casein micelles in milk are remarkably stable systems that can withstand the rigorous conditions applied during 

commercial processing. However, under certain conditions of temperature and pH, the colloidal integrity of the 

casein micelles can be disrupted, resulting in decreased stability, as manifested through visible flocculation or 

gelation. The mechanism and the pH-dependence of heat-induced instabilities of the casein micelles have been 

the subject of previous research, most of which has been done on milk and concentrated milk products; only 

some studies are available on micellar casein systems devoid of serum proteins and lactose [8]. When the pH of 

milk is reduced, the different acido-basic groups of milk constituents become increasingly more protonated. 

Consequently, micellar calcium phosphate is dissolved and the caseins are released into the diffusible fraction of 

milk. The addition of NaCl to milk leads to a slight decrease in pH and an increase in Ca2+ concentration in the 

diffusible phase. These changes were proposed to correspond to exchanges of Na+ with divalent cations or 

protons which were attached directly to phosphoseryl residues of casein molecules. Casein micelles are 

remarkably stable against heat treatments. However, several changes were documented, depending on the 

intensity of the heat treatments. Beliciu et al. [9] reported that sterilization affected the colloidal stability, 

viscosity, and flow behavior of micellar casein concentrate. Retorting (143.3℃ of maximum temperature) 

resulted in a significant increase in particle size, whereas UHT treatment (140℃ of maximum temperature) 

caused aggregation and coagulation of the micellar casein concentrate (samples were analyzed for rheological 

properties, particle size, mineral profile, and ζ-potential).  The observed effects were credited in part to a loss in 

solubility of calcium phosphate as a result of the high heat treatment, but it was hypothesized that casein micelle 

dissociation also likely played a role in this instability.   As opposed to the heat treatments, the solubility of 

micellar calcium phosphate increases when the temperature is decreased, and consequently the cooling of milk 

induces dissolution of micellar calcium phosphate. These changes are reversible and the original distribution may 

be restored upon warming.  

1.3.1.2. Whey Protein  

Whey proteins constitute 20% of the proteins in milk and include β-lactoglobulin (β-Lg), α-lactalbumin (α-La), 

bovine serum albumin (BSA), and immunoglobulins. Commercially they are attained from whey, a by-product of 

cheese manufacturing [10].  
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1.3.1.3. Casein – Whey protein interactions 

Denaturation of whey proteins and their association with casein micelles via intermolecular –SH/S–S interchange 

reactions occur during heating of milk. β-Lg interacts with κ- casein once β-Lg is denatured exposing its free –SH 

group. The interactions between β-Lg and κ-casein involve both hydrophobic and S–S interactions during the 

early stage; however, the mechanism of the interaction is highly dependent on the protein system and conditions 

of heating. In theory, prevention of heat-induced aggregation of whey proteins, in particular, β-Lg, can be 

achieved by inhibiting S–S bond formation that occurs in the presence of free/reactive –SH groups. Authors have 

found that –SH-blocking reagents can block aggregation of β-Lg and thus prevent protein complex formation. To 

block the -SH groups N-ethylmaleimide (NEM) can be used [11].  

1.3.2. Cheese making: Essential Processing Steps  

The first step in cheese making is the milk coagulation. This is achieved by means of enzymes or acid (or both). 

The enzymes involved remove the caseinomacropeptide ‘hairs’ from κ-casein and the resulting paracasein 

micelles will then aggregate. Acid, generally formed from lactose by lactic acid bacteria, dissolves the colloidal 

calcium phosphate of the micelles and neutralizes the electric charge on the resulting particles, which will then 

aggregate. The aggregation causes formation of a network which encloses the milk serum and the fat globules. 

The second step is the removal of the whey: the gel formed is prone to spontaneous syneresis, i.e., expulsion of 

whey. Whey expulsion is generally enhanced by cutting the gel into pieces and by stirring the curd–whey mixture 

that is thus formed. Cutting the coagulum to facilitate whey removal must be timed precisely. If the coagulum is 

cut too soon, some milk solids leave the curd along with whey. Whey normally carries water-soluble components 

including lactose, whey proteins, salts, peptides, and other nonprotein nitrogenous substances. If it is cut too 

late, more water gets trapped in the matrix, resulting in high-moisture cheese. The drier the curd, the firmer and 

the more durable the cheese will become. Another step is the fusion of curd grains into a coherent loaf that is 

easy to handle. The next step is the acid production in the cheese during its manufacture: this is due to the 

conversion of lactose into lactic acid by lactic acid bacteria. The resulting pH of curd and cheese affects such 

parameters as syneresis, consistency, and ripening of the cheese. The following step is the salting. Normally, 

cheese contains added NaCl, generally 1 to 4%. The salt affects durability, flavor, and consistency of the cheese, 

both directly and by its effect on ripening. Moreover, the cheese can acquire a rind, which protects the interior. 

Pressing enhances curd fusion and the formation of a closed rind. At last, ripening: that is, ensuring that 

conditions during storage and handling of the cheeses are such that ripening proceeds as desired. Ripening is the 

main factor determining the typical flavor and texture of a given cheese variety. To achieve this, the cheese is 

kept for a variable time under suitable conditions. The storage conditions vary widely with the type of cheese 

involved. The process is represented in a schematic figure (Figure 1). 

Nowadays, some additional process steps are commonly applied, their main objective is to diminish variation in 

the conditions during the manufacturing process and in the properties of the cheese. These concern the 

pasteurization of the cheese milk and the addition of cultures of microorganisms to the cheese milk, especially 
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starters of lactic acid bacteria. This addition is essential if the cheese milk has been pasteurized but is also 

desirable for cheese made of raw milk. The composition of the starter depends on the type of cheese to be 

produced [4] [12]. 

 

Figure 1- Schematic of the most essential physical and (bio)chemical changes occurring during the transformation of milk into 
cheese. Simplified example; the timescale is not linear [4]. 

 

1.3.3. Cheese Rheology- basic concepts  

Rheology is the study of the flow and deformation of matter [13].  Cheese is a viscoelastic material because it 

exhibits viscous and elastic properties at the same time. When a shear stress is removed the material never fully 

returns to its original shape and there is a permanent deformation [14]. An elastic solid stores mechanical energy 

during deformation and reverts to its original form (shape and size) upon removal of external forces; a viscous 

liquid dissipates such energy. Though no material is a “true solid” or a “true liquid,” a steel spring or rubber band 

are good examples of an elastic solid, and water is a ubiquitous example of a viscous liquid [15].  

The rheology of cheese is a function of the interactive effects of several factors, including composition, 

microstructure, macrostructure and the physicochemical state of the components (e.g., the degree of casein 

hydrolysis, the degree of fat crystallization). The microstructure regards the spatial arrangement of its 

components and the strength of attractions between the structural elements and the macrostructure concerns 

the packing arrangement and attractions between the macrocomponents, such as curd particles or curd chips. 

However, it is difficult to quantify the direct effects of one gross compositional component (fat, protein or 

moisture) separately, since these components tend to vary simultaneously [16]. 

Rheology deals with the relationship between three variables: strain, stress, and time. Strain and stress are 

related to deformation and force, respectively. Strain accounts for the size effect on material deformation due 

to difference in length (or height) of specimens, whereas stress accounts for the size effect on applied force due 
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to difference in cross-sectional area of specimens. Using strain and stress, rheologists are able to obtain true 

material properties independent of the sample size and geometry [17]. 

The methods used to assess the rheological characteristics of cheese may be classified broadly as sensoric or 

instrumental. Instrumental methods may be classified arbitrarily as empirical or fundamental. In general, the 

nature of the stresses and strains in empirical methods are less well-defined than in fundamental methods. 

Moreover, unlike fundamental methods, the measurements obtained with some empirical methods are on an 

arbitrary scale. Fundamental instrumental methods may be classified into three main groups [18]: 

❖ Creep tests and stress relaxation tests used to measure the time-dependent viscoelastic behavior of 

cheese on the application of a relatively small stress;   

❖ Low-amplitude strain (e.g., <0.05) oscillation rheometry (LASOR) for linear viscoelastic measurements, 

and which involve the respective application of a constant stress or strain of low magnitude;  

❖ Large strain deformation for measurement of fracture properties, involving the application of a large 

strain that may result in structural alteration and fracture. 

Low amplitude strain oscillation rheometry was the selected method to evaluate the rheological behavior of 

cheese in the present project.  Small amplitude oscillatory tests are commonly used to measure properties of 

cheeses during gelation and ripening as well as the change as affected by ingredients (i.e. fat or calcium 

phosphate) and processing parameters [19] and a very logical application of small strain oscillatory tests is the 

characterization of melting properties of cheese [20].  

1.3.3.1. Factor affecting the rheological properties of cheese 

It is difficult to elucidate the direct effects of altering the concentration of any compositional component on the 

rheology of cheese since the levels of the different components tend to vary simultaneously. However, the 

viscoelastic property of cheese is mostly influenced by protein network as well as fat and moisture, which modify 

the network properties. Other factors include proteolysis, temperature, pH and salt content. Upon the 

application of a stress to a cheese product, the calcium phosphate para-casein network is the principal structural 

component that controls the extent of deformation for a given stress. As the concentration and the volume 

fraction of network increases, the cheese becomes more difficult to deform. Hence, reduced fat cheese, in which 

the network occupies a volume fraction greater than in full-fat cheese is firmer than the latter. This happens 

because the intra-and inter-strand linkages become more numerous and the matrix becomes more elastic and 

more difficult to deform. At low temperatures (<5℃), milk fat is predominantly solid and adds to the elasticity of 

the casein matrix. The solid fat globules limit the deformation of the casein matrix, as deformation of the latter 

would also require deformation of the fat globules enmeshed within the porous structure. However, the 

contribution of fat to the elasticity of cheese decreases rapidly as the ratio of solid-to-liquid fat decreases with 

increasing temperature, which is very low at 40℃ where all the milk fat is liquid. 

Calcium content also influences the rheological properties of cheese. Increasing the calcium content of cheddar 

cheese while retaining moisture content relatively constant increased the firmness of cheese due to the increase 
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in the extent of calcium-induced crosslinking of the para-casein molecules comprising the para-casein network 

[21]. 

pH affects casein charge due to the effect on the extent of dissociation of the amino acid side chain groups and 

the level of calcium bound to casein because it is found in the form of colloidal calcium phosphate and will 

dissolve with the reduction of pH.  Some rheological trends were observed and showed that a reduction in pH 

from 5.25 to 5.0 and 5.25 to 4.9 in cheddar and gouda cheese, respectively, resulted in a reduction in fracture 

stress (휀𝑓). The fracture stress is the force needed to fracture the cheese. In contrary, increasing the pH in the 

range 5.3 to 5.6 resulted in the increase of firmness.  

Generally, as the pH decreases, the calcium phosphate dissolves from the casein and is replaced by hydrogen, 

H+. There is an increase in melt and stretch as the pH decreases. However, if the pH falls too low, the stretch 

characteristic can be lost. At a low pH, the caseins aggregate into large masses but there are too few contacts or 

interactions between the masses to allow stretch. The actual pH at which cheese will begin to melt or stretch, or 

lose stretch, depends on casein content and bound calcium phosphate [22] [23].  

Ripening also affects the rheologic response of cheese. The ripening of cheese involves 3 biochemical processes: 

proteolysis, lipolysis, and glycolysis. A gradual decomposition of casein takes place due to the combined action 

of various proteolytic enzymes present in the coagulant, milk, and lactic acid bacteria (starter and nonstarter). 

Numerous studies have reported reductions in fracture stress and firmness of different cheeses during ripening. 

This happens because it is a factor that promotes weakening of the casein matrix thus reducing the stress 

required to achieve a given deformation [24].  

1.3.4. Cheese melting  

By convention, melting of cheese is the ability of the cheese to flow and spread as well as the loss of (visual) 

integrity of the individual cheese shreds. Heating cheese to temperatures encountered during baking and grilling 

(90–98°C), results in two major microstructural changes [25]: 

❖ Contraction and shrinkage of the para-casein micelles (owing to a temperature-induced increase in the 

extent of hydrophobic interactions between the casein molecules) and a simultaneous expulsion of 

moisture from the casein network; 

❖ Liquefaction and coalescence of fat globules, resulting in the formation of free fat, which is readily 

observed as an oily layer at the surface of the melting cheese mass.  

Heating leads to localized internal stresses within the melting cheese matrix, that are conducive to flow. The 

decrease in the volume (shrinkage) of the para-casein network, on heating cheese (e.g., to 60–90°C), results in 

expression of free serum, which confers fluidity/liquidity and thereby increases the mobility of the melting 

cheese mass; simultaneously, the cheese becomes opaquer as the casein particles shrink.  
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1.4. Techniques 

1.4.1. SDS-polyacrylamide gel electrophoresis  

Electrophoresis refers to the movement of charged molecules in response to an electric field, resulting in their 

separation. A very common method for separating proteins by electrophoresis uses a polyacrylamide gel as a 

support medium and sodium dodecyl sulfate (SDS) to dissociate aggregates into individual protein molecules. 

The method is called SDS polyacrylamide gel electrophoresis (SDS-PAGE) and proteins are separated according 

to their electrophoretic mobility [26]. When proteins are separated in the presence of SDS and reducing agents 

(DL-Dithiothreitol, DTT), they become fully denatured and dissociate from each other. In addition, SDS binds 

noncovalently to proteins in a way that imparts an overall negative charge on the proteins, since SDS is negatively 

charged, it masks the intrinsic charge of the proteins it binds. Consequently, negatively charged proteins will 

migrate towards the positive electrode (anode) and will be separated based on their molecular weight [27].  

Polyacrylamide gels can have a gradient of increasing acrylamide concentration (and hence decreasing pore size) 

or a fixed acrylamide concentration. The use of polyacrylamide gels that have an acrylamide gradient can 

sometimes have advantages over fixed-concentration acrylamide gels. During electrophoresis in gradient gels, 

proteins migrate until the decreasing pore size impedes further progress. Once the "pore limit" is reached, the 

protein banding pattern does not change appreciably with time, although migration does not cease completely. 

There are three main advantages of gradient gels over linear gels: The advancing edge of the migrating protein 

zone is retarded more than the trailing edge, thus resulting in a sharpening of the protein bands; The gradient in 

pore size increases the range of molecular weights that can be fractionated in a single gel run and proteins with 

close molecular weight values are more likely to separate in a gradient gel than in a linear gel. In the present 

project, a gradient polyacrylamide gel was used under reducing conditions [28].  

The standard SDS-PAGE result for milk proteins is presented in Figure 2. 

 

 

Figure 2- Standard SDS-PAGE result for milk proteins. A- Bovine Serum Albumin (BSA); B- 𝛼𝑠-caseins; C-𝛽- casein; D- k-casein; 
E-𝛽- Lactoglobulin; F- 𝛼-Lactalbumin. Courtesy of NIZO, The Netherlands. 
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1.4.2. Reversed-phase high-performance liquid chromatography 

Reversed-phase high-performance liquid chromatography (RP-HPLC) separates molecules based on differences 

in their hydrophobicity. The components of the analyte mixture pass over stationary-phase particles bearing 

pores large enough for them to enter, where interactions with the hydrophobic surface remove them from the 

flowing mobile-phase stream. The strength and nature of the interaction between the sample particles and the 

stationary phase depend on both hydrophobic interactions and polar interactions. Elution can proceed either by 

isocratic conditions where the concentration of organic solvent is constant or by gradient elution whereby the 

amount of organic solvent is increased over time. When the mobile phase (polar) is carried in isocratic or gradient 

elution mode, the hydrophobic molecules are absorbed onto the solid support and the hydrophilic ones are 

eluted first and detected at a short retention time. The hydrophobic compounds will require a higher 

concentration of organic solvent to promote desorption. The resulting order of elution is detected by UV 

detection and a chromatogram is plotted. The order of peaks on the chromatogram is a function of the order of 

elution. Since this elution depends on the precise distribution of hydrophobic residues in each species, each 

analyte elutes from the column at a characteristic time, and the resulting peak can be used to confirm its identity 

and quantify it [29] [30] [31]. 

The standard chromatogram for standard milk is presented in Figure 3. 

 

Figure 3- Standard chromatogram for standard Milk. Courtesy of NIZO, The Netherlands. 
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1.4.3. Rheology measurements  

In the present project, low-amplitude strain oscillation rheometry was performed. These measurements are 

typically carried out by applying low oscillating strain to the cheese using a controlled strain rheometer, and the 

measurement of the resultant stresses within the sample. The rheometer applies a dynamic oscillating shear 

deformation to the sample and measures the resultant stress. Typically, the measurement involves placing a disc-

shaped sample of cheese (typically 20–40 mm diameter, 2 mm height) between two parallel plates with serrated 

surfaces (parallel plate geometry), one of which is fixed, while the other applies a low-amplitude torsional 

harmonic motion.  

The measurements allow the determination of the storage modulus (or elastic modulus, G’), loss modulus (or 

viscous modulus, G’’) and phase angle (δ) or the phase shift between the deformation and response. Phase angle 

is often expressed as loss tangent (tan δ) which describes the relative degree of viscoelasticity: 

tan δ =
G′′

G′
       (Eq. 1) 

For an ideal elastic material, the stress is in phase with, and proportional to, the applied strain. For a viscous fluid, 

the stress is proportional to the rate of strain deformation, and is out-of-phase with the strain, with a phase angle 

δ = π/2. In the case of viscoelastic materials, such as cheese, the stress response contains both in-phase and out-

of-phase components, reflecting the respective contributions of the elastic and viscous structural elements of 

the sample. Consequently, the total stress response shows a phase shift, δ, with respect to the applied strain 

deformation that lies between that of an elastic solid (0) and a viscous liquid (π/2).  

Temperature sweeps are essential to investigate phase transitions. For example, during a temperature sweep, 

the temperature at crossover modulus (G’ = G’’ i.e, tan (𝛿) = 1) is considered to signify the beginning of gel forming 

(or gel melting). During cheese melting, the temperature at crossover modulus is an indication of the “softening 

point” of cheese, the onset temperature of rapid melt and flow [32] [15] [18]. 

1.4.4. Confocal Laser Scanning Microscopy 

To image a sample, point by point (scanned), a polarized laser beam is detected stepwise in the x- and y-direction 

by a scanning unit before it is reflected by a beam splitter so as to pass through the objective lens of the 

microscope, and focused onto the specimen. The emitted longer-wavelength fluorescent light (or reflected light 

in reflection mode) from the components of interest stained with fluorescent dyes is collected by the objective 

lens, passes through the dichroic mirror and is focused into a small pinhole (the confocal aperture) to eliminate 

out-of-focus light. The primary outcome of the confocal laser scanning microscopy (CLSM) to research is its ability 

to produce optical sections through a three-dimensional (3-D) specimen, for example, a thick object such as 

cheese, yogurt or chocolate. The instrument uses a focused scanning laser to illuminate a subsurface layer of the 

specimen in such a way that information from this focal plane passes back through the specimen and is projected 

onto a pinhole (confocal aperture) in front of a detector. Only a focal plane image is produced, which is an optical 

slice of the structure at some preselected depth within the sample. By moving the specimen up and down relative 
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to the focused laser light, a large number of consecutive optical sections with improved lateral resolution 

(compared with conventional light microscopy) can be obtained with a minimum of sample preparation. A further 

advantage of CLSM is the possibility to follow in situ the dynamics of processes such as phase separation, 

coalescence, aggregation, coagulation, solubilization, etc. Specially designed stages, which allow heating, cooling 

or mixing of the sample, give the possibility to simulate food processing under the microscope [33]. 

The schematic representation of a confocal scanning laser microscope is presented in Figure 4. 

 

Figure 4- Schematic representation of confocal imaging. The numbered elements are: 1- laser, 2- dichroic mirror, 3- objective 
lens, 4- thick specimen, 5- confocal pinhole, 6- photomultiplier [33].  

1.4.5. 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. 

In modulated differential scanning calorimetry (MDSC), which was the selected method in the present project, a 

sinusoidal temperature oscillation is overlaid on the traditional linear ramp. The net effect is that heat flow can 

be measured simultaneously with changes in heat capacity. Using Fourier transformation, the heat flow 

generated is separated in real time into a heat capacity component and a kinetic component. In MDSC, the DSC 

heat flow is called the total heat flow, the heat capacity component is the reversing heat flow, and the kinetic 

component is the nonreversing heat flow. The total heat flow signal contains the sum of all thermal transitions, 

just as in standard DSC. The Reversing signal contains glass transition and melting transitions, while the 

nonreversing heat flow contains kinetic events like volatilization, melting, crystallization, protein denaturation 

and decomposition [34].  

𝑑𝐻

𝑑𝑡
= 𝐶𝑝

𝑑𝑇

𝑑𝑡
+ 𝑓(𝑡, 𝑇)     (Eq. 1) 

𝐻𝑒𝑎𝑡 𝐹𝑙𝑜𝑤 = 𝐻𝑒𝑎𝑡 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 + 𝐾𝑖𝑛𝑒𝑡𝑖𝑐 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 

𝑇𝑜𝑡𝑎𝑙 𝐻𝑒𝑎𝑡 𝐹𝑙𝑜𝑤 = 𝑅𝑒𝑣𝑒𝑟𝑠𝑖𝑛𝑔 𝐻𝑒𝑎𝑡 𝐹𝑙𝑜𝑤 + 𝑁𝑜𝑛𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑛𝑔 𝐻𝑒𝑎𝑡 𝐹𝑙𝑜𝑤 
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2. Materials and Methods  

2.1. MCI solutions 

2.1.1. Sample Preparation 

Micellar casein isolate (MCI) powder from Friesland Campina (The Netherlands) was dissolved at 3.5% (m/m) 

protein content in ultrapure MilliQ water and stirred for 30 min at 50°C in a water bath. The composition of the 

MCI powder used is described in the appendix (section 6.1).  Sodium azide (NaN3) was added to a final 

concentration of 0.02% (m/m) to prevent microbial spoilage. After dissolution, the MCI solution was placed in 

the cold conditions (~5°C) and kept stirring overnight to ensure complete rehydration. In cold conditions (~3℃), 

provided by a bath with ice, the pH of the solution was adjusted to 5.7 and 5.3 with 1M lactic acid (Sigma Aldrich, 

USA). After that, the salt content of the samples was adjusted to 2 and 5% (m/m) with sodium chloride (Sigma-

Aldrich, USA) and finally, the final protein concentration was adjusted to 3.0% (m/m) with MilliQ water. 

Two different types of MCI samples were also prepared with 0.4 g/kg of N-ethylmaleimide (NEM) from sigma-

Aldrich and 30 mM of calcium phosphate dihydrate (Merck Millipore, USA) using the same experimental setup 

described previously. The MCI samples fortified with calcium phosphate were prepared with a mixture of milk 

permeate and acidified milk permeate from Friesland Campina (The Netherlands) instead of MilliQ water. Also, 

using the same experimental setup, samples of sodium caseinate from FrieslandCampina (The Netherlands) were 

prepared in the same conditions. 

2.1.2. Turbidity Measurements 

Turbidity measurements were performed in the Carry 4000 UV-Vis spectrophotometer (Agilent Technologies, 

USA). The Cary 4000 is a high-performance UV-visible spectrophotometer with excellent photometric 

performance in the 175-900 nm range, making it a powerful tool for analyzing biotechnology samples with 

minimal sample preparation. The selected wavelength was 800 nm and the samples were placed in 2 mm glass 

cuvettes without stirring. The temperature ramp was from 20℃ to 80℃ and back to 20℃ with a heating and 

cooling rate of 2℃/min. Heating and cooling rate of 0.5 ℃/min was also studied. MilliQ water was used as 

reference. 

2.1.3. SDS-PAGE 

The SDS-PAGE experimental setup consists in diluting the samples to 2 mg of protein/ml using MilliQ water and 

mix it with Laemmli buffer from BIO-RAD (50 𝜇L each).  To guarantee reducing conditions, dithiothreitol (DTT) is 

added to the Laemmli buffer in a concentration of 15 mg/ml.  After adding the buffer, the samples are incubated 

for 5 min at 90℃ and centrifuged for 4 min at 15000 g in a 5417C Centrifuge (Eppendorf, Germany). After the 

preparation of the samples, 10 𝜇L of each are pipetted into the 12+2 gels. In the present work, a 4–20% gradient 

Criterion TGX Precast Midi Protein Gel (BIO-RAD, USA) was used and ran at 200 V until the dye reached the 

bottom of the gel. The gel was placed into Instant blue from Expedeon immediately after stopping the 

http://www.merckmillipore.com/INTL/en/product/Sodium-dihydrogen-phosphate-monohydrate,MDA_CHEM-106346
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electrophoresis and left staining in the dye overnight. The gel was rinsed with water a few times before scanning. 

Precision Plus Protein Standards from BIO-RAD were used. 

2.1.4. Calcium ion activity  

The calcium ion activity values were calculated using the following equation:  

𝑎 = 𝛾𝑐𝑎𝐶𝑐𝑎     (Eq. 2) 

Where 𝑎 is the calcium ion activity, 𝛾𝑐𝑎  the divalent ion activity coefficient and 𝐶𝑐𝑎  the free calcium concentration. 

To calculate the previous parameters an experimental setup with a conductivity meter (Radiometer Copenhagen, 

Denmark), and a calcium electrode potential meter (Schott instruments, Germany) was put together and the 

values were measured simultaneously. These parameters are measured with a tri-electrode setup. On this setup 

(Figure 5), the first electrode is for the conductivity measurement and the two others are the reference electrode 

and the Ca-potential measurement electrode. Before and after each measurement, the electrodes are washed 

with MilliQ water and dried with a tissue.  

The conductivity (𝐾) measurement allows the calculation of the ionic strength (𝐼) with the following equation:  

K = a × I + b     (Eq. 3) 

Where a and b are coefficients. 

The obtained ionic strength (𝐼) is used for the calculation of the divalent ion activity coefficient (𝛾𝑐𝑎), 

log(𝛾𝐶𝑎) =
−0.5×(𝑍)2×√𝐼

1+√𝐼
     (Eq. 4) 

Where Z is the valence number, which is +2 for Ca2+.  

The equation 5 exhibits the relation between the measured Ca-potential (𝐸𝑐𝑎) and the free calcium concentration 

(𝐶𝑐𝑎). 

𝐸𝐶𝑎 = 𝑐 × log(𝐶𝐶𝑎) + 𝑑     (Eq. 5) 

Where the coefficients c and d are calculated by two logarithmic functions, 

𝑐 = 𝑒 × ln(𝐼) + 𝑓     (Eq. 6) 

𝑑 = 𝑔 × ln(𝐼) + ℎ     (Eq. 7) 

Where e, f, g and h are coefficients. 

During this calculation method, six unknown coefficients are used. These are determined based on the linear 

(coefficients a and b) and logarithmic curves (coefficients e, f, g, and h) obtained after a calibration step with 25 

standards solutions divided into five groups of five samples with the same Ionic strength and a gradient of Ca-
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concentration. The standard solutions and the solutions to be studied were analyzed at a constant temperature 

of 20℃. 

 

Figure 5- Calcium ion activity measurement setup. 

2.1.5. RP-HPLC 

The samples to be analyzed in by RP-HPLC were previously centrifuged for 1 h at 100,000 g in an Optima l-90k 

ultracentrifuge (Beckman Coulter, USA) and the resulted supernatant was carefully removed, weighed and then 

prepared for the RP-HPLC. For samples with a 3% protein content, the preparation consists in mixing 100 𝜇L of 

sample with 300 𝜇L of buffer E (buffer with 8 M urea, 0.135 M Bis-Tris, 44 mM sodium citrate (1.3%), pH 7.0 and 

HCl) supplemented with 20 mg/ml of DTT. After mixing, the samples were left at room temperature for 1 hour 

and then 1500 𝜇L of buffer D (buffer with 6 M urea, 2% acetonitrile (CH3CN), pH 2.7 and trifluoroacetic acid (TFA)) 

was added. After the adding of buffer E, the proteins are not only unfolded but also in a monomeric state. The D 

buffer attends to reduce the pH value to the same existent in solvent A, one of the solvents used during the HPLC 

analysis [35]. The samples were frozen until the HPLC analysis. Before RP-HPLC analysis the samples were filtered 

using Millex SV 0.22 μm syringe filters (Millipore, Ireland).  

The equipment used was the UltiMate 3000 Series Thermostatted Column Compartments (TermoFisher 

Scientific, USA) and the separation was done using a C18 column. A flow rate of 0.4 ml/min was used and 

detection was performed with a UV detector set at 220 nm. Sample volume injected was 10 𝜇L. After the 

injection, the solution is eluted by a mobile phase composed of three solutions A, B, and C with a gradient of 

increasing acetonitrile (CH3CN) concentration. The elution method is run during 60 min and the detection is made 

with UV absorption at 200nm. Solvent A was a mixture of 2% acetonitrile, 98% water and 0.1% TFA and the 

solvent B contained 60, 40 and 0.8% of the same components, respectively.  

2.2. Cheese  

Two types of cheese were used in this part of the project: fat-containing Gouda-type cheese produced at NIZO 

(The Netherlands) and zero-fat cheese produced by FrieslandCampina (The Netherlands). 

https://en.wikipedia.org/wiki/Trifluoroacetic_acid
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2.2.1. Sample Preparation 

2.2.1.1. Cheese cutting 

The cheese blocks were cut into small discs with a diameter and thickness of, approximately, 27 and 2 mm, 

respectively. The cutting of the cheese was performed in cold conditions (~5℃) to prevent the melting of fat at 

room temperature. The instruments used to cut the cheese are shown in Figure 6. The first step was to cut a 

cheese cylinder with a diameter of 27 mm using the device A shown in Figure 6 and then with the device B, the 

cheese cylinder was cut into discs by wire cutting. The cheese discs were kept at 5℃ wrapped in plastic film and 

foil paper until the analysis.  

 

Figure 6- Devices used to cut the cheese discs. 

2.2.1.2. Cheese composition adjustment 

An important part of the project was to study the influence of the cheese composition in the melting properties. 

For that, a method for the adjustment of composition was developed. The composition was adjusted in terms of 

moisture, NaCl, calcium and whey protein content and pH using two different methods. To adjust to higher values 

of moisture and different values of salt, calcium and whey protein content, solutions of NaCl (Sigma-Aldrich, 

USA), calcium chloride dihydrate (Merck, Germany) and whey protein (Bipro from Agropur, Canada) were 

prepared and a droplet deposition method was used. For this, 5 droplets of 5 𝜇L of each necessary solution were 

added to each side of the discs (total of 50 𝜇L of solution). The solutions were prepared with milk permeate 

(mixture of neutral and acidic milk permeate to a final pH of 5.3). The discs were left equilibrating overnight at 

5℃ in small containers. The composition adjustment, in these cases, was based on the diffusion of the solution 

through the disc. To lower the moisture content, the discs were left in a desiccator containing silica gel. To adjust 

the pH of the cheese, a desiccator was also used but the atmosphere was altered with ammonia (12% v/v, BDH 

Chemicals, England) or acetic acid (99.85% v/v, Scharlab, Spain). A schematic representation of the two methods 

is presented in Figure 7 and the characteristics of each adjustment are described in Table 1. Note that, the final 

composition values for moisture and NaCl content were calculated based on the weight difference of the cheese 

discs before and after the adjustment.  

The pH of the cheese discs was determined using a surface electrode (632 pH-meter, Metrohm, Switzerland). 
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Figure 7- Schematic representation of the two techniques used to adjust cheese composition.  

Table 1- Description of the different solutions used for the droplet deposition technique and characteristics of the altered 
atmosphere technique. 

Final composition Droplet Deposition Altered Atmosphere 

33% Moisture -- 
Desiccator with silica gel -1 h 

(turned after 30 min) 

46% Moisture 50 𝜇L of milk permeate, pH 5.3 -- 

1.9% NaCl 
50 𝜇L of milk permeate, pH 5.3, 

5% NaCl 
-- 

2.6% NaCl 
50 𝜇L of milk permeate, pH 5.3, 

10% NaCl 
-- 

3.4% NaCl 
50 𝜇L of milk permeate, pH 5.3, 

15% NaCl 
-- 

3.8% NaCl 
50 𝜇L of milk permeate, pH 5.3, 

18% NaCl 
-- 

pH 4.7 -- 
Desiccator with acetic acid -14 

min (turned after 7 min) 

pH 5.1 -- 
Desiccator with acetic acid -10 

min (turned after 5 min) 

pH 5.7 -- 
Desiccator with ammonia (12%) -

3 min (turned after 1.5 min) 

3.8% NaCl, pH 5.0 
50 𝜇L of milk permeate, pH 5.3, 

15% NaCl 
Desiccator with acetic acid -10 

min (turned after 5 min) 

3.8% NaCl, pH 5.7 
50 𝜇L of milk permeate, pH 5.3, 

15% NaCl 
Desiccator with ammonia (12%) -

3 min (turned after 1.5 min) 

w/ Calcium chloride surplus 
50 𝜇L of 1M calcium chloride 

solution 
-- 

w/ Citric acid 50 𝜇L of 1% citric acid solution -- 

w/ Whey protein surplus 
50 𝜇L of 5% whey protein 

solution 
-- 
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2.2.2. Rheology Measurements 

The rheology measurements were performed in a AR-G2 rheometer (TA Instruments, USA) (Figure 8). Low-

amplitude oscillatory rheology measurements were performed in cheese discs with diameter and thickness of, 

approximately, 27 and 2 mm, respectively. The measurements were performed as temperature sweeps at a strain 

of 0.1% and frequency 1Hz, with an equilibration time of 5 minutes and a selected gap height of 1.75 mm. These 

conditions ensured that the samples were within the linear viscoelastic range during testing [36]. The selected 

heating and cooling rate was 2℃/min. Parallel-plate geometry was the used geometry with a 40 mm serrated 

top plate. Parallel-plate geometry was the used geometry because it is often preferred for measuring viscoelastic 

properties of solid cheese since the sample handling is easier and the sensitivity to gap setting is less when 

compared to, for example, the cone-and-plate geometry [37]. The use of serrated plates ensures that the sample 

is gripped firmly between the plates, and thereby minimizes the risk of slippage, associated with fat liquefaction 

and leakage, especially when rheological measurements are performed at high temperatures of 20–90°C. The 

discs were placed in the center of the bottom plate and surrounded by a paraffin oil (Merck, USA) before the 

beginning of the measurement to prevent water evaporation during heating. The measured variables were the 

elastic or storage modulus, G’, the viscous or loss modulus, G’’ and the loss tangent, tan 𝛿, where 𝛿 is the phase 

angle.  

 

Figure 8- AR-G2 Rheometer, TA Instruments. 

2.2.3. CLSM 

The confocal laser scanning microscopy instrument used was the Leica TCS SP5 (Leica microsystems, Germany). 

In the present case, the Argon laser with the power set at 20% was the one used. The images obtained were 

collected with the 20x immersion objective and the image format is 1024x1024 pixels. The selected speed was 

200 Hz. 

The preparation of the samples consisted of cutting a thin and flat (best as possible) slice of cheese and color the 

samples with a droplet of Nile Blue. The use of Nile Blue allows simultaneous staining of fat and protein. The 

selected emission and absorbance wavelengths were 488 and 633 nm. The pseudo-colors chosen were green for 
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protein and red for fat. Collecting CLSM images for cheese can be difficult because the samples might not be 

homogeneous and the surface not completely flat, difficulting the task of finding the ideal plane of focus. 

2.2.4. DSC Measurements 

The equipment used for the measurement was a DSC Q1000 (TA Instruments, USA), which allows the analysis to 

be performed over a modulated DSC form. Temperature increase or decrease was performed in oscillating mode 

instead of linear and the heat flow is separated in reversing and non-reversing heat flow. This allows the 

separation of overlapping processes.  For each sample, a Tzero pan (TA Instruments, USA) was filled with cheese 

to be studied and an empty pan was used as reference. The samples were equilibrated at 5℃ and then heated 

to 90℃ with a heating rate of 2℃/min. 
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3. Results and Discussion 

The project was divided into two parts. In the first one, the behavior of casein micelles under conditions 

encountered in cheese (pH and ionic strength) was studied just as their heat-induced changes. The second part 

of the project was focused on the melting of cheese and the rheological response associated with it. 

3.1. Casein micelles under cheese conditions 

3.1.1. MCI Standard samples 

The system that was chosen was a solution of casein micelles with adjusted pH and salt content. For this, micellar 

casein isolate (MCI) was used. With this system, the goal was to study the interactions of the proteins when 

subjected to temperature variation. Nine different samples were prepared by dissolving the micellar casein 

isolate in MilliQ water and adjusting pH and salt content. The resulting characteristics were the following: 

❖ 0% (m/m) NaCl; pH unadjusted 

❖ 0% (m/m) NaCl; pH 5.7 

❖ 0% (m/m)  NaCl pH 5.3 

❖ 2%(m/m) NaCl; pH unadjusted 

❖ 2% (m/m) NaCl; pH 5.7 

❖ 2% (m/m) NaCl; pH 5.3 

❖ 5% (m/m) NaCl, pH unadjusted 

❖ 5% (m/m) NaCl; pH 5.7 

❖ 5% (m/m) NaCl; pH 5.3 

The chosen conditions were the ones described above so that it would be possible to study the micellar behavior 

under cheese conditions. For that, low pH and high salt content values were selected to approximate the 

environment to the conditions present in cheese. In cheese, salt content may vary from, approximately 0.7 in 

Emmental-type cheese to 6% (m/m) in domiati-type cheese and pH from 4.5 in feta-type cheese to 6.9 in 

camembert [38]. Note that, the pH unadjusted is 6.9. Defined as MCI standard samples are the samples of 

micellar casein isolate dissolved in water with pH and salt adjusted to the conditions indicated above. 

3.1.1.1. Unheated Samples (20℃) 

Identifying the initial state of the solutions, this is, after adjusting pH and salt, is important to understand how 

casein micelles respond when there is an increase in salt content and a shift towards a more acidic environment. 

To the unheated samples, turbidity and calcium ion activity measurements were performed. Optical density was 

measured at 800 nm (𝑂𝐷800) in 2 mm path length cuvettes. The samples at 20℃ were also ultracentrifuged at 

100,000 g for 1 hour.  The resultant weight of pellet would give an insight on the quantity of intact micelles and 

formed aggregates and soluble casein particles because the first two will deposit upon centrifugation and the 

soluble casein particles stay in solution in the resulting supernatant. To evaluate the extent to which the changes 

in pellet weight are related to differences in protein distribution, SDS-PAGE analysis was carried out on the 

supernatants from ultracentrifugation.  
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The 𝑂𝐷800 values, presented in Table 2, together with the calcium ion activity values (Figure 9),  the data from 

the resulted weight from the ultracentrifugation (Figure 10), and the SDS-PAGE results (Figure 11) give an 

indication of the state of the casein micelles. For the sample where neither the pH nor salt were adjusted, it is 

expected that most of the protein is found arranged in casein micelles, that is observed by the relatively high 

initial 𝑂𝐷800. When the salt content increases, but the pH is maintained unadjusted, there is a decrease in the 

initial 𝑂𝐷800 value, more intense bands in the SDS-PAGE results, an increase in the resulting pellet and an increase 

in the calcium ion activity when compared to the sample with 0% salt. This might mean that there is a balance 

between the swelling of the micelles, due to the increase in salt content and consequently the entrance of sodium 

chloride to the center of the micelles, and the solubilization of calcium phosphate that will lead to the partial 

disintegration of the micelles. The swelling of the casein micelles would justify the lower initial 𝑂𝐷800 and the 

increase in pellet weight after the centrifugation. On the other hand, the darkening of the bands in the SDS-PAGE 

and the increase in calcium ion activity would be due to the solubilization of calcium phosphate.  

Dalgleish et al. [39] state that all the inorganic phosphate is solubilized when pH 5.2 is reached and most of the 

remaining calcium ions are solubilized when pH 4.6 is reached. Despite the loss of such an essential structural 

feature, at temperatures above 25℃, there is little dissociation of the caseins at decreased pH. This stability has 

been explained as a result of the decreasing negative charge on the individual caseins so that although bonds to 

calcium phosphate are lost, the charges on the caseins become insufficient to force them apart. This supports 

the obtained results since there is an obvious increase in calcium ion activity for the sample with non-adjusted 

salt content and pH 5.3 (Figure 9) and very lighter bands (Figure 11) for the same sample when compared to the 

non-adjusted pH and salt. 

For samples with added NaCl and lower pH, the reductions in pellet weight strongly correlated with increasing 

amounts of caseins in the supernatant and the initial state of the solution becomes more obvious. The low initial 

values of 𝑂𝐷800, the high values of calcium ion activity and the dark bands presented in the SDS-PAGE results, 

show that after preparation, almost all the casein micelles have fallen apart.  The disintegration of casein micelles 

can be due to reduce interactions between caseins or because of removal by solubilization of the micellar calcium 

phosphate. Casein interactions, however, are typically enhanced at lower pH. Solubility of calcium phosphate, 

however, typically increases at lower pH and can thus result in casein micelle disruption. Essentially, calcium ion 

activity is a measure of the amount of free calcium in solution and the ionic strength of the solution. What can 

be observed in Figure 9 is that with a reduction in pH and an increase in added amount of salt, there is an increase 

in Ca-ion activity. Kezia et al. [40] report that the solubility of calcium solubility increases within the temperature 

range of 10-50℃ as the NaCl concentration increases to 100 g/L. These trend in solubility can be understood by 

reference to the activity coefficient of the ions in solution. With increasing ionic strength, the activity coefficients 

of both calcium and phosphate ions decrease, resulting in increased solubility. Also, the increased solubility of 

calcium phosphate with respect to the decrease in pH is reported. Therefore, both effects were expected, and as 

a result of those, the disruption of casein micelles occurs.  
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Table 2- OD800  values for each solution at 20℃. OD  was measured at 800 nm in 2 mm path length cuvette. 

Parameter 

0% NaCl 2% NaCl 5% NaCl 

pH 
unadjusted 

pH 5.7 pH 5.3 
pH 

unadjusted 
pH 5.7 pH 5.3 

pH 
unadjusted 

pH 5.7 pH 5.3 

Initial value 1.10 1.03 0.87 0.71 0.18 0.29 0.61 0.05 0.03 

 

Figure 9- Calcium ion activity values, at 20℃, for the MCI samples. The blue, grey and green columns correspond to the 0, 2 
and 5% of salt content, respectively. 

 

Figure 10- Percentage of pellet regarding the total amount of centrifuged liquid. The blue, grey and green columns correspond 
to the 0, 2 and 5% of salt content, respectively. 

 

Figure 11- SDS-PAGE results from the supernatants that resulted from the ultracentrifugation at 100,000 g for 1 hour for MCI 
samples at unadjusted pH (A, D, G), pH 5.7 (B, E, H) or pH 5.3 (C, F, I) and containing 0 (A, B, C), 2.0 (D, E, F) or 5.0% (G, H, I) 
added NaCl. The first lane (whole) corresponds to the whole sample at unadjusted pH and without added NaCl. 
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3.1.1.2. Heat-Induced Changes 

3.1.1.2.1. Turbidity Measurements 

Turbidity measurements were performed with the nine standard samples. The temperature ramp used was from 

20℃ to 80℃ and back to 20℃ with a heating and cooling rate of 2℃/min, with values taken every degree. Optical 

density was measured at 800 nm in 2 mm path length cuvettes. These measurements had the goal of 

understanding what happens to the particles in terms of aggregation upon heating and cooling. The results are 

presented in Figure 13. 

A summary table with values taken from Figure 13 is presented in Table 3, to compare the behavior of the 

samples depending on their characteristics. The highlighted parameters are the initial turbidity value, the 

maximum value, slope and the gelation temperature. The initial value corresponds to the initial 𝑂𝐷800 value 

taken in the beginning of the measurement, at 20℃. The maximum value is the highest 𝑂𝐷800 value obtained 

during the measurement.  The gelation temperature corresponds to the temperature at which the OD starts to 

increase, and it was defined as the temperature at which the 𝑂𝐷800 value reaches +0.1 than the starting value. 

The slope value is the highest slope calculated for each heating curve. Figure 12 has an exemplicative curve with 

the main parameters highlighted.   

 

Figure 12- Exemplicative OD800 curve with the main parameters highlighted, where: A- Initial Value; B-Maximum value, D- 
Gelation Temperature. 

The turbidity of a colloidal suspension is related to the size and the scattering properties of the dispersed particles 

[41]. From the resulting curves presented in Figure 13, it is possible to take some conclusions on the response of 

the MCI solutions to heating from 20℃ to 80℃ and cooling back to 20℃, more precisely regarding particle 

aggregation.  

The increase in 𝑂𝐷800 values translates into the increase in aggregation of the particles present in the solution.  

From Figure 13, it is possible to understand under which conditions there are the significant aggregation levels. 

For the samples where pH was not adjusted (≈ 6.9), and especially for the samples where the salt content was 0 

and 2%, the 𝑂𝐷800 profile throughout heating and cooling does not change much. For the NaCl content of 5%, 

the aggregation of particles is a bit more obvious, but not significant. When the pH is adjusted to 5.7 and 5.3, the 

heating profiles of the samples appear to be different, when compared to the samples with pH unadjusted, 
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because of the presence of steep increases in 𝑂𝐷800 upon heating. These steeper increases show that the 

aggregation of the particles happens at a higher rate. Comparing the calculated slopes, the sample where the 

aggregation rate was higher was the sample with 5% of NaCl and pH 5.3 and the lower aggregation rate was 

observed for the non-adjusted sample.   

An important aspect in question is the reversibility upon cooling of the protein interactions that lead to the 

aggregation. If they were reversible, a significant decrease in 𝑂𝐷800 would also be observed. This does not 

happen, except for the sample with pH 5.3 and 5% of NaCl. However, after the heating and cooling process, this 

sample presented a deposit in the cuvette, showing that the protein aggregation was not reversible.  

De Kruif [42] suggested that, on the micellar surface, the decrease in charge of the casein macropeptide (CMP) 

with diminishing pH causes the collapse of the κ-casein layer because the intra- and interchain interactions in the 

CMP are no longer sufficient to keep the chains extended. This decreases the steric stabilization of the micelles. 

Therefore, the micelles can diffuse closer to each other, and as short range attractive forces take over, sol-gel 

transition occurs [39].  Therefore, regarding the aggregation that is apparent in Figure 13, for some samples, a 

likely reason for this is the fact that k-casein detaches from the casein micelles or the primary casein particles 

that result from disruption, destabilizing the micelles and the casein particles due to the loss of steric stabilization, 

and that, combined with the increase in temperature, will lead to more interactions and further aggregation. 

Also, when the pH is reduced, proteins get closer to the isoelectric point and this change in the system makes it 

easier for the particles to aggregate.  

Also addressed in Figure 13 is the influence of whey protein on the heating and cooling profiles obtained. It is 

well known that whey proteins denature in the temperature range 75–80℃ and that they subsequently 

aggregate, gel or interact with casein micelles, more specifically with k-casein [43]. Even though only ~4% of the 

protein in the MCI powder used is whey protein, to verify if the aggregation that was observed in the heating 

profiles was influenced by the presence and denaturation of whey protein, the same turbidity measurements 

during heating and cooling were performed with the MCI solutions supplemented with the sulfhydryl-blocking 

agent NEM (n-ethylmaleimide). The results are presented in Figure 13. N-Ethylmaleimide prevents heat-induced 

irreversible whey protein denaturation and interaction of whey proteins with casein by thiol-disulfide group 

reactions [44]. From Figure 13, it is possible to see that the addition of NEM has no significant effect on the 

heating and cooling profiles of the MCI samples and the steep increases observed are maintained. With this, it is 

possible to say that what is causing the substantial increase in 𝑂𝐷800 is not caused by the presence of whey 

protein.  However, for some samples without NEM in the composition, a curious transition in the heating profile 

is observed. For the samples with 5% of salt content and pH 5.7 and 5.3, at approximately, 65℃, there is a 

decrease followed by an increase in 𝑂𝐷800, this could mean that there is some dissociation of the formed 

aggregates followed by aggregation again. Yet, these transitions are smoothened in the presence of NEM. Hence, 

whey protein is one of the intervenients in these interactions. 
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Figure 13- Turbidity measurements performed in the standard MCI samples and MCI samples complemented with NEM to a 
final concentration of 0.4g/kg. The temperature ramp used was from 20℃ to 80℃ and back to 20℃ with a heating and cooling 

rate of 2℃/min, with values taken every degree. OD  was measured at 800 nm in 2 mm path length cuvettes. 

 

 

 

 

 

 

 

 



24 
 

Table 3- Resume table with parameters from the graphics of Figure 13. The slope values are followed by the temperature at 
which they happen. 

System Parameter 

0% NaCl 2% NaCl 5% NaCl 

pH 
 unadj. 

pH 5.7 pH 5.3 
pH 

 unadj. 
pH 5.7 pH 5.3 

pH 
 unadj. 

pH 5.7 pH 5.3 

MCI 
Standard 
Samples 

Initial value 1.10 1.03 0.87 0.71 0.18 0.29 0.61 0.05 0.03 

Maximum 
value 

1.54 2.49 2.43 1.31 2.42 2.31 1.46 2.25 1.60 

Gelation 
Temperature 

(℃) 
32.0 30.1 27.0 34.6 40.1 26.2 33.9 40.4 49.6 

Slope (min-1) 
0.006 

(36.3℃) 
0.004 

(52.6℃) 
0.080 

(35.0℃) 
0.009 

(54.9℃) 
0.090 

(49.7℃) 
0.151 

(33.2℃) 
0.014 

(59.3℃) 
0.139 

(48.4℃) 
0.179 

(51.6℃) 

MCI 
Samples 
w/NEM 

Initial value 0.96 0.99 0.89 0.66 0.22 0.10 0.61 0.10 0.04 

Maximum 
value 

1.42 2.47 2.43 1.28 2.39 2.18 1.48 2.25 1.73 

Gelation 
Temperature 

(℃) 
34.2 32.4 28.0 36.6 38.2 30.3 39.3 39.6 48.6 

Slope (min-1) 
0.005 

(40.6℃) 
0.050 

(53.2℃) 
0.080 

(36.8℃) 
0.010 

(53.7℃) 
0.075 

(49.2℃) 
0.170 

(34.8℃) 
0.015 

(55.4℃) 
0.145 

(46.6℃) 
0.150 

(50.7℃) 

3.1.1.2.1.1. Turbidity Measurements- Heating and Cooling rate influence 

To understand if the selected heating and cooling rates had a considerable influence on the heating and cooling 

profiles that resulted from the turbidity measurements, a different heating and cooling rate was used for new 

measurements. Figure 14 shows the resulting curves from heating and cooling the standard MCI samples using a 

heating and cooling rate of 2℃/min and 0.5℃/min. For these measurements, only 5 samples were studied, i.e., 

samples at pH 5.3 with 0, 2 or 5% added NaCl and samples at unadjusted pH and pH 5.7 with 5% added NaCl. 

From Figure 14, it can be observed that the general trend of the curves is the same for the measurements with a 

heating and cooling rate of 2℃/min and 0.5℃/min. However, the aggregation starts happening at lower 

temperatures, probably because the interactions between the proteins happen slower and allow the aggregation 

to happen at lower temperatures.  Possibly, for the same reason, it is possible to observe that the transitions 

referred before, that suggested the equilibrium between the dissociation of the aggregates followed by their 

aggregation, are significantly amplified with a lower heating rate.  
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Figure 14- Turbidity measurements performed in the standard MCI. The temperature ramp used was from 20℃ to 80℃ and 
back to 20℃ with two heating and cooling rates of 2℃/min (grey curves) and 0.5℃/min (blue), with values taken every degree. 

OD  was measured at 800 nm in 2 mm path length cuvettes. 

3.1.1.2.1.2. Turbidity Measurements- Sodium Caseinate solutions 

As discussed before, adjusting pH and salt content to lower values destabilized the casein micelles and is thought 

that it results in casein particles. To mimic and understand how these particles react upon heating, solutions with 

sodium caseinate, instead of MCI, were prepared at the same conditions as the standard MCI solutions. Turbidity 

measurements performed with these solutions might also give information about the dissociation followed by 

aggregation observed in some samples.  For these measurements, a heating and cooling rate of 0.5℃/min were 

used. For most of the sodium caseinate samples, the 𝑂𝐷800 values were constant and close to zero throughout 

the heating and cooling ramps, there were only three samples were the heating profiles became more 

interesting. The resulting curves are presented in Figure 15. 

The solutions of sodium caseinate were prepared for the same conditions (pH and salt content) as the standard 

MCI samples. For the most sodium caseinate samples, there were no major changes in the heating profile, which 

was expected because caseins are known to be very heat stable and, and sodium caseinate at pH 6.7 can be 

heated at 140°C for at least 40 minutes before coagulation occurs [45]. However, for some conditions there was, 

in fact, some aggregation happening upon heating. These happened for three samples with the following 

characteristics: 2% NaCl and pH 5.7; 2% NaCl and pH 5.3; 5% NaCl and pH 5.3.  

Sodium caseinate is present in the form of individual casein molecules or small aggregated particles if 

electrostatic interaction is strong, i.e. at low ionic strength and far from the isoelectric point. If monovalent salt 
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is added so that electrostatic interaction is screened, the hydrophobic parts of the casein molecules associate, 

leading to the formation of small micellar aggregates. The association number is determined by the balance of 

hydrophobic and electrostatic interactions, which explains the aggregation observed with increasing ionic 

strength, decreasing pH and increasing temperature [46] [47].  

If a more stable system is defined as one where the aggregation occurs at higher temperatures, then it is possible 

to extrapolate how the salt and pH influence the stability of the sodium caseinate in solution. By observing the 

graphics in Figure 15 and the values in Table 4 it is possible to see that for the same salt content (2%), lowering 

the pH from 5.7 to 5.3 introduces instability to the system as the gelation temperature is lower. For the contrary, 

for the same pH (5.3), increasing salt content from 2% to 5% introduces stability to the system. Perhaps that is 

the reason why there is no aggregation for the sodium caseinate sample with a salt content of 5% and pH 5.7. 

Note that this definition of stability does not consider the maximum value of 𝑂𝐷800. After the heating and cooling 

of the sample with a pH of 5.3 and 2% NaCl, there was a deposit in the bottom of the cuvette. This might explain 

the sudden decrease in 𝑂𝐷800 during heating after reaching the maximum. 

There is not much information to take out of the graphics by comparing the MCI samples with the sodium 

caseinate samples, in particular, to explain the dissociation and aggregation reactions that were observed in 

some samples. 
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Figure 15- Turbidity measurements performed in the standard MCI samples (blue curves) and sodium caseinate samples (red 
curves). The temperature ramp used was from 20℃ to 80℃ and back to 20℃ and a heating and cooling rate of 0.5℃/min, 
with values taken every degree. For some graphics, there is no curve for MCI sample because the respective conditions were 

not one of the selected conditions for the measures using a heating and cooling rate of 0.5℃/min. OD  was measured at 800 

nm in 2 mm path length cuvettes. 

Table 4- Resume Table with parameters from the graphics of Figure 15 regarding the curves from the sodium caseinate 
samples that presented notable variations in heating and cooling profiles.  

 Parameter 
2% NaCl 5% NaCl 

pH 5.7 pH 5.3 pH 5.3 

Sodium caseinate 
(0.5℃/min) 

Initial value 0.03 0.04 0.04 

Maximum value 0.95 1.86 0.89 

Gelation Temperature (℃) 67.1 42.1 61.2 
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3.1.1.2.2. Protein distribuition - RP-HPLC and SDS-PAGE  

The standard MCI samples were heated to 50 and 80℃ in a water bath, kept at each temperature for 1 hour and 

then cooled to 20℃ at which were left also for 1 hour. After that, the samples were centrifuged for 1 hour at 

100,000 g and 20℃. With the resulting supernatant, RP-HPLC and SDS-PAGE analysis (under reducing conditions) 

were performed. The gels that resulted from the SDS-PAGE are very similar to the gel presented in Figure 11, i.e., 

the supernatants that resulted from samples that were heated to 50 and 80℃ presented very similar gels to the 

one obtained with the supernatans of the samples kept at 20℃. Therefore, using SDS-PAGE, in this case, is not 

enough to extrapolate the differences between the three temperatures. The gels are presented in Figure 36 in 

the Appendix section (6.2). 

The quantification of 𝑘-casein, 𝛼S1-casein, and 𝛽-casein was achieved by the integration of the peaks in the 

resulting chromatograms from the RP-HPLC. The 𝛼S2-casein was not quantified because after washing the 

column, the protein was still attached to the column which introduced uncertainty to the integration of the peak. 

The chromatograms are shown in Figure 37, Figure 38, and Figure 39 in the Appendix (6.3). Figure 16 shows the 

results from the integration of the peaks for all samples. The results are expressed in areas of the individual 

caseins as a percentage of that type of casein in the whole sample at its respective temperature. The whole 

samples are the sample A (0% NaCl, pH unadjusted), unheated and heated to 50℃ and 80℃ without 

centrifugation.  

The dataset that resulted from the RP-HPLC analysis showed to be very consistent because the supernatant 

quantities of all the three caseins vary in the same way between the different conditions (from A to I). 

When the salt content is not adjusted and the pH is lowered, the quantity of soluble protein in the supernatant 

decreases. This happens because the pH of the system is closer to the isoelectric point of the caseins and because 

of that, the interactions between the particles increase leading to some aggregation and they sediment upon 

centrifugation. This decrease in protein quantity with the decrease of pH for the samples with 0% salt content is 

observed for all temperatures and for the three types of casein.  

When the salt content is adjusted to higher values, the quantity of soluble protein increases. As referred before 

(section 3.1.1.1), the high concentrations of salt and low pH, lead to the solubilization of the calcium phosphate 

and, consequently, the disintegration of the micelles. For that reason, the combination of high salt (2 or 5% and 

low pH (5.7 or 5.3) creates the system of which the most protein content is soluble in the supernatant.   It is 

observed that, for the unheated samples and the samples heated to 80℃, for the salt content of 2 and 5%, the 

quantity of soluble protein increases with the decrease of pH. The same tendency was not observed in the 

samples heated to 50℃, more precisely, due to the sample E (2% salt and pH 5.7), that, for all the three proteins 

was higher than the lowest pH. However, given the fact that, the same tendency was observed for all samples 

except for the sample E at 50℃, it is possible that this was an outlier due to mishandling of this sample or sample 

F.  
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Some interesting trends were observed, i.e., when heated to 50℃, in sample G, ~70% of k-CN is non-

sedimentable already before as1-casein hits 20% and b-casein is only around 30%.  So, there are some clear 

indications that k-casein acts separately than the rest. 𝛼S1-casein and 𝛽-casein seem to be more closely 

correlated. Particularly samples D and G (i.e., neutral pH, salt added) at 50℃ and 80℃ show this difference in 

behavior, suggesting that there is a lot of dissociation of k-casein on heating for these cases. At the lower pH 

values, the different caseins seem to behave in a similar way, suggesting complete micellar disruption. 

Regarding the temperature influence for each type of casein, based on the turbidity results presented in Figure 

13, it would be expected that the quantity of casein in the supernatant was proportional to the temperature at 

which the solutions were heated. This because Figure 13 suggests the existence of particle aggregation with 

heating. Therefore, at 80℃  there would be more aggregates susceptible to deposition upon centrifugation when 

compared to the samples heated 50℃. However, it is possible to infer that, for almost all samples, the soluble k-

casein is higher in the samples heated to 50℃  when compared to the non-heated and heated to 80℃. This is 

not observed for samples B and F. There is no obvious trend to extrapolate from the results because the quantity 

of soluble protein varies in different manners within the three temperatures. Figure 16  presents some examples 

of different trends observed. The rest of the graphics are presented in Figure 40, in the attachment section (6.3).  

 

 

Figure 16- Influence of heating at 20 (blue), 50 (orange) or 80°C (green) on the percentage of -casein (top left), s1-casein 

(top right) or -casein (bottom) in the supernatant of MCI solutions containing 0 (A, B- C), 2 (D, E, F) or 5% (G, H, I) added NaCl 
at unadjusted pH (A, D, G), pH 5.7 (B, E, H) or pH 5.3 (C, F, I). Results are expressed as areas from RP-HPLC analysis of the 
individual caseins in the supernatant expressed as a percentage of that casein in the whole sample.  
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Figure 17- RP-HPLC results expressed in areas of the individual caseins as a percentage of that casein in the whole sample at 
its respective temperature. Each graphic corresponds to one of three conditions, F (2% Salt, pH 5.3), H (5% Salt, pH 5.7) and I 
(5% Salt, pH 5.3). Non-heated samples and samples heated to 50℃ and 80℃ for 1 hour are represented in blue, orange and 
green, respectively. 

Note that, the centrifugation of the samples after heating was performed at 20℃, so, if there are some reversible 

interactions happening, they will not appear in the previous results.  

3.1.2. Calcium-fortified MCI samples 

As assumed before, the solubilization of calcium phosphate should be the main cause of the micellar disruption 

after sample preparation. With the aim of mitigating this effect, different samples were prepared with MCI 

dissolved in milk permeate and a surplus of calcium phosphate was added in dicalcium phosphate dihydrate 

(CaHPO4.2H2O; DCPD) form at a molar concentration of 30 mM. With the surplus of calcium phosphate added, it 

was expected that the micellar calcium phosphate would stay inside the micelles and the structure would be 

maintained. After dissolving the MCI and adding the DCPD, the pH and salt content was adjusted to the same 

conditions of the standard MCI samples. After sample preparation, the samples were centrifuged for 15 min at 

4000 g to remove insoluble matter, this probably being, mainly DCPD. 

Calcium ion activity measurements were performed, at 20℃, with these calcium fortified samples. The results 

are presented in the next Figure 18, as well as the calcium ion activity results for the standard MCI samples. 

The results for calcium fortified systems show the same trend as the standard MCI samples. This is, an increase 

in calcium ion activity with the reduction of pH and increase in salt content.  Both effects were expected since 

the solubility of calcium phosphate increases with decreasing pH and increasing ionic strength. However, it was 

expected that, for the calcium fortified systems, the calcium ion activity would be higher than that of the standard 

MCI samples because the calcium content is increased. Nevertheless, the calcium phosphate equilibrium in the 

serum phase should be considered. The equilibrium can exist at different ratios of Ca: PO4  and a possibility for 

the lower values of calcium ion activity than expected may be the low Ca: PO4 ratio in the serum. 
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Figure 18- Calcium ion activity values, at 20℃, for the different standard MCI samples (darker colors) and calcium phosphate 
fortified MCI samples (Lighter colors). The blue, grey and green columns correspond to the 0, 2 and 5% of salt content, 
respectively.  

3.1.2.1. Heat-Induced Changes 

Turbidity measurements were also performed for the nine calcium-fortified samples. The temperature ramp used 

was from 20℃ to 80℃ and back to 20℃ with a heating and cooling rate of 2℃/min, with values taken every 

degree. The results are presented in Figure 19.  From this figure, it is possible to observe that, even when the 

system was fortified in calcium phosphate, there was still notable disintegration of the micelles for adjusted pH 

and salt. This is perceived by the low initial 𝑂𝐷800 values. This is probably explainable because the form of calcium 

phosphate used is less soluble than the calcium phosphate in the micelles. As a result, the calcium phosphate in 

the micelles would be more prone to going into solution at the lower pH and higher ionic strength. Also, the size 

of the calcium phosphate particles added is considerably larger than that of the calcium phosphate nanoclusters 

present in the casein micelles (~2.5 nm). Hence, the surface area and surface energy for the latter is considerably 

larger, making it more susceptible to solubilization than the larger DCPD particles.  

In general, the calcium-fortified samples showed the same trends upon heating and cooling observed for the 

standard samples. For most samples, the initial value is lower for the calcium fortified system. This may, also, be 

derived from the centrifugation performed after preparation to remove insoluble matter. It is also possible to 

see that, for all samples, except for the sample with 2% NaCl and pH 5.7 and 5% NaCl and pH 5.3, the gelation 

temperature is higher for the calcium fortified system. Therefore, if a system is defined as more stable if the 

gelation temperature is higher then it is possible to infer that the calcium phosphate added introduced some 

stability to the system. It is also possible to observe for the calcium-fortified system with 2% NaCl and pH 5.3, the 

presence of the dissolution followed by aggregation “transition” which was not observed for these conditions in 

the standard MCI samples, neither for the heating rate of 2℃/min nor 0.5℃/min. The reason why this happens 

in the calcium-fortified system is still unknown. 
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Figure 19- Turbidity measurements performed in the standard MCI (grey) and MCI samples complemented with a surplus of 
calcium phosphate (purple). The temperature ramp used was from 20℃ to 80℃ and back to 20℃ with a rate of 2℃/min, with 

values taken every degree. OD was measured at 800 nm in 2 mm pathlength cuvettes. 

Table 5- Summary Table with parameters from the graphics of Figure 19 regarding the calcium fortified samples (purple 
curves). The slope values are followed by the temperature at which they happen. 

Parameter 

0% NaCl 2% NaCl 5% NaCl 

pH  
unadj. 

pH 5.7 pH 5.3 
pH  

unadj. 
pH 5.7 pH 5.3 

pH  
unadj. 

pH 5.7 pH 5.3 

Initial value 0.61 0.49 0.35 0.47 0.12 0.03 0.41 0.05 0.03 

Maximum 
value 

0.97 2.48 2.44 1.06 2.41 2.26 1.10 2.31 2.11 

Gelation 
Temperature 

(℃) 
35.8 33.2 30.8 37.2 40.4 34.6 37.4 44.0 48.0 

Slope (min-1) 
0.005 

(40.8℃) 
0.070 

(67.1℃) 
0.075 

(57.0℃) 
0.010 

(53.0℃) 
0.110  

(51.2℃) 
0.155 

(38.6℃) 
0.010 

(57.2℃) 
0.160 

(53.0℃) 
0.105 

(51.2℃) 
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3.1.2.2. Protein Distribution- SDS-PAGE and RP-HPLC analysis 

Like the standard MCI samples, the calcium fortified ones were heated to 50 or 80℃, kept at each temperature 

for 1 hour and then cooled to 20℃ at which they were also left for 1 hour. After that, the samples were 

centrifuged for 2 hours at 20,000 g and 20℃. With the resulting supernatant, RP-HPLC and SDS-PAGE (in reducing 

conditions) were performed. In contrary to what was seen in the SDS-PAGE results of the standard MCI samples, 

the difference amongst the results for the non-heated and heated samples are noteworthy. These SDS-PAGE gels 

are presented in Figure 20 and the results from the RP-HPLC analysis in Figure 21. 

In general, when comparing the two systems it is possible to note that, the protein quantity in the supernatant 

is less for the calcium fortified system, and this difference is clearer for the samples heated to 80℃.  

In fact, P. Müller-Buschbaum et al. [48] showed that the addition of calcium changes the equilibrium between 

the steep repulsive interaction of two micelles and a short-range van der Waals attraction. With increasing 

amount of calcium added, the particle stabilizing properties of the hairy layer of k-casein become weaker and 

attraction between neighboring micelles becomes noticeable. Micelles can associate and build aggregates. That 

would explain why there is less soluble protein in the supernatant after centrifugation since it is expected that at 

those centrifugation conditions the formed aggregates would sediment.   

Regarding the temperature influence for each type of casein, in contrary to what was observed for the standard 

MCI samples (section 3.1.1.2.2), for the three types of protein, the quantity soluble in the supernatant decreased 

with the increase of temperature. This was observed for all conditions, except for the samples with 0% salt and 

pH 5.7 and 0% salt with pH 5.3. For these two, the soluble protein was higher in the samples heated to 50℃. The 

graphics that illustrate this temperature influence are presented in Figure 41, in the attachment section. 

Another curious point to highlight from the HPLC results is the fact that the differences between the two types 

of systems are more evident for 𝛼S1-casein and 𝛽-casein and less for 𝑘-casein. Meaning that 𝛼S1-casein and 𝛽-

casein are more sensitive to calcium presence. A possible hypothesis would be that the 𝛼S1-casein and 𝛽-casein 

associate with the added salt and possibly form particles that sediment upon centrifugation. Indeed, Holt et al. 

[5] reported that while β- and αS1-CN protect κ- and αS2-CN against self-aggregation leading to fibril formation, 

they, along with αS2-CN, are themselves protected by κ-casein from calcium ion-induced precipitation, meaning 

that β- and αS1-casein are calcium-sensitive while k-casein is calcium-insensitive. 
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Figure 20- SDS-PAGE gels obtained from the supernatant that resulted from the centrifugation of the non-heated (20℃) and 
the heated calcium fortified MCI samples (50℃ and 80℃). Calcium-fortified MCI solutions containing 0 (A, B,C), 2 (D, E, F) or 
5% (G, H, I) added NaCl at unadjusted pH (A, D, G), pH 5.7 (B, E, H) or pH 5.3 (C, F, I).The letters are followed by the temperature 
at which the solutions were heated. 

 

 

Figure 21- RP-HPLC results of the standard MCI samples (lighter colors) and the calcium fortified MCI samples (Darker colors) 
expressed in areas of the individual caseins as a percentage of that casein in the whole sample at its respective temperature. 
Each graphic corresponds to one type of casein, 𝑘-casein, 𝛼S1-casein and 𝛽-casein. Non-heated samples and samples heated 
to 50℃ and 80℃ for 1 hour are represented in blue, orange and green, respectively. 
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3.2. Melting of cheese  

The second part of the project was focused on the structural and rheological changes upon cheese melting and 

further cooling. For that, a fat-containing Gouda-type cheese and a zero-fat cheese were used in the different 

studies presented forward.   

3.2.1. CLSM  

Confocal laser scanning microscopy was used to study differences in the structure before and after melting.  The 

obtained images are presented in Figure 22. It is possible to see that after heating there is a visible change in 

microstructure. The fat-containing cheese, before heating, appears to have a homogeneous and continuous 

protein phase with small fat area homogeneously distributed. After heating, there is notable fat coalescence, 

which results in the formation of much larger near-spherical fat pools observed in Figure 22B and Figure 22C that 

lead to a more heterogeneous phase distribution. There was very little fat coalescence notable in the zero-fat 

cheese compared with the full-fat cheese, a trend expected because of the lower volume fraction of the fat phase 

as there is almost no fat present (<0.5% m/m). These trends were in agreement with those previously reported 

by Auty et al. [36]. 

 

Figure 22- Images obtained by CLSM. A- Fat-containing cheese before heating; B- Fat-containing cheese after heating. 
Temperature ramp: heating from 5℃ to 80℃ and cooling to 5℃ with a heating and cooling rate of 2℃/min; C- Fat-containing 
cheese after heating. Temperature ramp: from 5℃ to 90℃ with a heating rate of 2℃/min. Cooled to room temperature at 
ambient conditions; D- Zero-Fat cheese before heating; E- Zero-Fat cheese after heating. Temperature ramp: heating from 5℃ 
to 90℃ with a heating rate of 2℃/min. Cooled to room temperature.  The red color corresponds to fat phase and the green to 
the protein matrix.  

3.2.2. Rheology Measurements  

The goal of the rheology measurements was to study the rheological response of cheese to a heating-cooling 

cycle. For that, low-amplitude oscillatory rheology measurements were performed in cheese discs, over a 

temperature sweep. Temperature sweeps are essential to investigate phase transitions.  The measured variables 

were the elastic or storage modulus, G’, the viscous or loss modulus, G’’ and the loss tangent, tan 𝛿, where 𝛿 is 

the phase angle. The storage modulus (G’) is a measure of the energy stored and recovered per cycle, the loss 

modulus (G’’) is a measure of the energy dissipated or lost as heat per cycle of imposed deformation and the loss 

tangent (tan 𝛿) measures of the ratio of viscous to elastic component [37]. 
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𝑡𝑎𝑛 𝛿 =
𝐺′′

𝐺′
     (Eq. 8) 

The rheology measurements were performed for fat-containing cheese, and zero-fat cheese over different 

temperature ramps (from 5℃ to 40, 60, 80 and 90℃ and back to 5℃) and fat-containing cheese with adjusted 

composition in terms of moisture, salt, whey protein and calcium content, calcium distribution and pH, over one 

temperature ramp, 5℃ to 80 and back to 5℃. A heating and cooling rate of 2℃/min was used.  

Figure 23 shows the rheology results for the non-adjusted fat-containing cheese over the 5℃ to 80 and back to 

5℃ temperature ramp. The trends observed are typical of cheese melting curves. It is possible to see that the 

values of G’and G’’ decrease upon heating and increase in cooling and the opposite happens for the values of tan 

𝛿 that increase during heating and decrease upon cooling. These trends were observed in all the rheology 

measurements performed. The curves presented in Figure 23 are average curves of the different measured 

replicates. Measuring the rheological properties of melting cheese can be very tricky because the cheese itself is 

not a truly homogeneous product and there ia a certain difficulty associated with cutting the perfect flat cheese 

surface and having equal “compression” by gap size. Also, the quantity of added oil (used to prevent water 

evaporation) can vary and influence the measurement, and the oiliness that can be expelled during the 

measurement can also compromise the results. Therefore, in this project, various replicates were measured until 

there were at least 2 reproducible representative curves. The difference between the replicates, for the fat-

containing non-adjusted cheese, is shown in Figure 24. From the different replicates, it is possible to see that, for 

the G’ and G’’, the curve trends are similar but the absolute values, especially the initial and final values, are quite 

different. This is not observed in the tan 𝛿 curves and, for that reason, the following rheology results will be 

presented in average tan 𝛿 curves and the graphics with the results for the G’ and G’’ will be in the appendix 

section (6.5). 

When the cheese structure is intact, the material behaves solid-like, and G’>G”, indicating that the material is 

highly structured. If the material becomes progressively more fluid-like and G” exceeds G’ eventually. The 

strength of the colloidal forces is reflected by tan δ. A tan δ less than 1 suggests that the particles are highly 

associated due to the colloidal forces, a high tan δ suggests that the particles are largely unassociated. Therefore, 

the tan δ value gives an indication on the structure of the cheese. So, the parameters that will be highlighted, for 

each condition studied, are the initial (before heating) and final (after cooling) value of tan δ and the temperature 

at which the value of tan δ reaches 1 upon heating and cooling. The initial and final values of G’ and G’’ will not 

be compared because the difference between the different replicates was too noteworthy to extrapolate a trend 

out of the values. This is shown in Figure 25, where, for a set of conditions, it is possible to see that the standard 

deviations overlap for the initial and final values of G’. The same happens for G’’. 

From Figure 23, it is possible to see that when cheese is heated, there is a dramatic decrease in the total number 

and/or strength of bonds in the cheese matrix, which is indicated by the steady decrease by several orders of 

magnitude in the dynamic moduli (G′ and G′′), and an increase in tan δ. This change in the dynamic viscoelastic 

parameters indicates that, at elevated temperatures, cheese changes to a more viscous-like material compared 

with unmelted cheese. Lucey et al. [49] report that hydrophobic interactions play a key role in determining the 
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conformation and interaction of protein molecules. They manifest themselves as strong attractive forces 

between nonpolar groups separated by water. Hydrophobic interactions tend to increase in strength with 

temperature which may reduce the size of the contact area between casein particles (as these individual 

molecule contract on themselves), and the net result is a reduction in overall gel strength. Several types of 

electrostatic interactions are also likely to be important in cheese and are manifested as charge repulsion 

between similar charges on proteins, salt bridges, and CCP bridges. Hydrogen bonding (attractive) also decreases 

with increasing temperature. This suggests that the balance would be shifted towards more repulsion and a 

weakening of the matrix, which is what is observed in Figure 23C.  In the same figure, it is possible to see around 

70℃ the tan 𝛿 starts to stabilize. In fact, Lucey et al. [49] also reported that hydrophobic interactions increase up 

to a maximum at about 60 to 70C, at which point they begin to slowly lose strength as the temperature is further 

increased. This suggests that at high temperatures (60C) there may be some further changes in the energy 

balance that would influence the strength of the cheese matrix.  

Also studied was how the rheological parameters recover after the heating and cooling cycle. For that, a time 

sweep was performed for 12 hours and the temperatures were maintained at 5℃. It is observed in Figure 26 that 

the values of G’ and G’’ increase if the disc is left at 5℃ for 12 hours after heating and cooling. In contrary, tan δ 

decreases but not enough to the initial value (0.26). This measurement was performed one time after the disc 

was heated from 5℃ to 80℃ and back to 5℃. 

 

 

Figure 23- Average curves of elastic modulus, G’ (A), viscous modulus, G’’ (B) and loss tangent, tan 𝛿 (C) for the non-adjusted 
fat-containing cheese. Rheology measurements over a temperature sweep (5℃-80℃-5℃) with a heating and cooling rate of 
2℃/min, strain of 0.1% and frequency of 1Hz of cheese discs with a diameter and thickness of, approximately, 27 and 2 mm, 
respectively. 
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Figure 24- Curves of elastic modulus, G’ (A), viscous modulus, G’’ (B) and loss tangent, Tan 𝛿 (C) for the different measurements 
performed with the non-adjusted fat-containing cheese. Each color represents a different replicate. Rheology measurements 
over a temperature sweep (5℃-80℃-5℃) with a heating and cooling rate of 2℃/min, strain of 0.1% and frequency of 1Hz of 
cheese discs with a diameter and thickness of, approximately, 27 and 2 mm, repectively. 

 

Figure 25- Initial and final average values of G’ with the associated standard deviation for different conditions.  

 

Figure 26- Curves of elastic modulus, G’, viscous modulus, G’’ and loss tangent, tan 𝛿 after a rheology cycle of heating and 
cooling over time (12h). Temperature was maintained at 5℃. The time 0 h corresponds to the ending of the cooling to 5℃. 
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3.2.2.1. Melting of Fat-Containing and Zero-Fat cheese – Influence of Heating 

Temperature ramps 

Rheology measurements were performed with fat-containing and zero-fat cheese over four different 

temperature ramps: from 5℃ to 40, 60, 80 and 90℃ and down to 5℃. The results are presented in Figure 27 and 

in Table 6, which consists of a summary of highlighted parameters. From this figure and table, it is possible to 

observe that, when heated to 40℃ and cooled back to 5℃, in both systems, fat-containing and zero-fat, the tan𝛿 

values do not vary much, and the initial and final tan 𝛿 are close. This suggests that the changes that happen in 

the cheese matrix when it is heated to temperatures up to 40℃, are reversible and the cheese reverts to its 

original form. However, when the cheese is heated to 60℃ or higher temperatures, the changes in the structure 

after cooling become more obvious as the tan 𝛿 values before heating and after cooling are different. Also, for 

both systems, heating to 60℃ or higher temperature, induces changes upon heating that lead to the transition 

of a viscoelastic solid to a viscoelastic liquid as the tan 𝛿 reaches values higher than 1. The maximum loss tangent 

is indicative of the fluidity of the melted cheese and the degree to which it flows [50], and it is notable that the 

higher fluidity is reached for the free fat system. It is also noteworthy the fact that the zero-fat system appears 

to start melting at lower temperatures when compared to the full-fat cheese and the final tan 𝛿 is higher. This 

may suggest that the presence of fat is hindering the protein changes that are occurring and result in the melting 

of the cheese. However, it is important to note that, even though the moisture to protein ratio is similar for the 

two systems (1.60 for the fat-free system and 1.55 for the fat-containing system), the composition of the two 

types of cheeses is quite different (Table 7). In fact, contrary to what was observed, generally, fat reduction is 

associated with an increase in rigidity, elasticity and hardness and a loss of meltability [51] [52] due to the 

increase in concentration and volume fraction of the calcium phosphate para-casein network which makes 

cheese more difficult to deform. According to Guinee and Kilcawley [53], upon the application of a stress to a 

cheese product, this network is the principal structural component that controls the extent of deformation for a 

given stress.  This was not observed probably due to the presence of a higher salt content in the fat-containing 

cheese (Table 7). 

When heated to 80℃ or 90℃, the melting of the fat-free cheese presents a maximum of tan 𝛿, around 65℃, and 

after that, there is a decrease in tan 𝛿 suggesting that the system has to be liquid enough so that the mobility 

increases and aggregation in the protein matrix begins. This behavior was not observed for the fat-containing 

cheese, however, one can not conclude that this effect was due to the absence of fat because the same behavior 

was already observed in fat-containing cheddar cheese [49].  

The difference between the initial and final values of tan 𝛿 appears to be higher for the fat-free system. This may 

be due to the fact that when the fat-free system is heated the changes occur only in the protein matrix whereas 

in the fat-containing system there are changes occurring also in the fat phase. In terms of heating and cooling 

curves, for the fat-containing cheese, they are very close, while for the fat-free system they are quite different, 

especially when the cheese is heated to 80℃ and 90℃ and the tan 𝛿 reaches a maximum.  
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Figure 27- Rheology measurements for zero-fat (green curves) and fat-containing non-adjusted (blue curves) cheese over 
temperature sweeps with 4 temperature ramps- Ramp I: 5℃-40℃-5℃; Ramp II: 5℃-60℃-5℃; Ramp III: 5℃-80℃-5℃ and  
Ramp IV: 5℃-90℃-5℃ with a heating and cooling rate of 2℃/min, strain of 0.1% and frequency of 1Hz with cheese discs with 
a diameter and thickness of, approximately, 27 and 2 mm, repectively. 

Table 6- Summary table with parameters from Figure 27. 

System Temp. Ramp (tan 𝜹)i (tan 𝜹)f 
T(tan𝜹=1) 
Heating 

(℃) 

T(tan𝜹=1) 
Cooling 

(℃) 

W/ Fat 

5-40-5℃ 0.25 0.28 -- -- 

5-60-5℃ 0.26 0.37 56.3 54.1 

5-80-5℃ 0.26 0.36 57.6 59.4 

5-90-5℃ 0.29 0.36 57.2 60.0 

Zero-Fat 

5-40-5℃ 0.26 0.32 -- -- 

5-60-5℃ 0.26 0.40 50.6 38.8 

5-80-5℃ 0.29 0.39 50.6 63.9 

5-90-5℃ 0.27 0.41 49.3 44.5 
 

Table 7- Composition of the zero-fat cheese and the fat-containing cheese determined by reference methods. 

System 
Moisture        
(% m/m) 

NaCl (% 
m/m) 

Fat (% 
m/m) 

pH 
𝒎𝒐𝒊𝒔𝒕𝒖𝒓𝒆

𝒑𝒓𝒐𝒕𝒆𝒊𝒏
 

𝑵𝒂𝑪𝒍

𝒎𝒐𝒊𝒔𝒕𝒖𝒓𝒆
 

Zero-Fat 59.6 0.9 <0.5 5.28 1.6* 1.5% 

Fat-
Containing 

39.8 1.54 31 5.36 1.55* 3.9% 

*2% of dry matter was considered to be mineral material and lactate. 

3.2.2.2. Composition Adjustment 

The composition of the fat-containing gouda cheese was adjusted in terms of moisture, salt, calcium and whey 

protein content, calcium distribution and pH as described in the materials and method section (2.2.1.2). 

Moisture Content Adjustment  

The moisture content of the non-adjusted cheese is approximately 40%. To study the influence of the moisture 

in the melting properties of cheese, the moisture content of cheese discs was adjusted to 33% and 46%. The 

resulting composition and the resulting tan 𝛿 curves are presented in Table 9 and Figure 28, respectively. In Table 

8, are some parameters taken from Figure 28. From the obtained results, it is possible to see that with the 
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decrease in moisture content, the melting happens at higher temperatures. Indeed, increasing the moisture 

content or increasing the ratio of moisture to protein in cheese weakens the rigidity as the volume fraction of 

protein decreases [49]. On the other hand, as the concentration of casein increases, the intra- and inter-strand 

linkages become more numerous and the network displays greater elasticity and is more difficult to deform [50], 

and this influences a wide range of textural characteristics (e.g., softness, shreddability, and meltability). 

However, it is important to highlight the fact that, in this trial, the moisture was not the only variable to change 

but also salt and fat content, so the observed results may not be only due to the change in moisture.  

 

 

 

Figure 28- Average curves for tan 𝛿 for different moisture contents (33, 40 and 46%). Rheology measurements over a 
temperature sweep (5℃-80℃-5℃) with a heating and cooling rate of 2℃/min, strain of 0.1% and frequency of 1 Hz with 
cheese discs with a diameter and thickness of, approximately, 27 and 2 mm, respectively. 

Table 8- Summary table with parameters from Figure 28. 

Water content (tan 𝜹)i (tan 𝜹)f 
T(tan𝜹=1) 
Heating 

T(tan𝜹=1) 
Cooling 

33% 0.28 0.38 64.7 66.9 

40% 0.26 0.36 57.9 59.3 

46% 0.27 0.35 56.1 55.5 

 

Table 9- Composition of the cheese discs with adjusted moisture. Note that the composition for the 33% and 46% moisture 
cheese discs was calculated based on the difference of weight after adjustment and the composition of the non-adjusted 
cheese given by the reference methods.  

Moisture        
(% m/m) 

NaCl 
 (% m/m) 

Fat 
 (% m/m) 

𝒎𝒐𝒊𝒔𝒕𝒖𝒓𝒆

𝒑𝒓𝒐𝒕𝒆𝒊𝒏
 

𝑵𝒂𝑪𝒍

𝒎𝒐𝒊𝒔𝒕𝒖𝒓𝒆
 

33 ~1.7 ~34 1.13* 5.2% 

40 1.54 31 1.57* 3.9% 

46 ~1.4 ~27 1.95* 3.0% 
*2% of dry matter was considered to be mineral material and lactate. 

Salt Content Adjustment 

Sodium chloride content was adjusted. The non-adjusted NaCl content in the gouda cheese that was used was 

1.54% (m/m). Cheese discs were adjusted to 1.4, 1.9, 2.6, 3.4 and 3.8% of NaCl. This adjustment was performed 
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using the droplet deposition method, with 50 𝜇L of milk permeate solution with different NaCl concentrations. 

Therefore, the only difference between the cheese discs, in terms of composition, is the NaCl content.   

The resulting composition and the resulting tan 𝛿 curves are presented in Table 11 and Figure 29, respectively. 

Table 10 shows some parameters taken from Figure 29. From the results, it is possible to extrapolate that the 

increase in salt content retarded the onset of melting of the cheese since the melting happens at higher 

temperatures and reaches lower maximum tan 𝛿 values. The initial tan 𝛿 values give the indication that, even 

before heating, the cheese discs with higher salt concentration behave in a more elastic way when compared to 

the cheese with lower salt content. When the concentration of salt is increased, several mechanisms can take 

place. The solubilization of calcium phosphate that is associated to the micelles can happen which will lead to 

weaker linkages in the cheese matrix. However, when the salt is increased there is also an increase in ionic 

strength and in protein hydration and a decrease in electrostatic repulsion, which will lead to stronger linkages 

in the cheese matrix.  Apparently, there is a balance between these opposite effects which is shifted to stronger 

linkages and that is why the melting happens at higher temperatures for the more salted cheese discs. Indeed, 

Rulikowska et al. [54] report that the reduction of NaCl directly leads to less displacement of Ca, and less casein 

solubilization, thus lower NaCl cheeses have less casein hydration than higher NaCl cheeses. On the other hand, 

the addition of NaCl to cheese increases casein hydration, the volume of the matrix and casein solubilization, as 

Na displaces Ca.  NaCl also indirectly impacts on rheological characteristics by its impact on pH through its effect 

on starter activity and lactose metabolism, but this effect is not observed in the results because the time scale 

(between preparation and the measurement) is too short to see the influence of the ripening. 

 

 

Figure 29- Average curves for tan 𝛿 for different salt contents (1.4, 1.9, 2.6, 3.4 and 3.8%). Rheology measurements over a 
temperature sweep (5℃-80℃-5℃) with a heating and cooling rate of 2℃/min, strain of 0.1% and frequency of 1 Hz with 
cheese discs with a diameter and thickness of, approximately, 27 and 2 mm, respectively. 
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Table 10- Summary table with parameters from Figure 29. 

NaCl content  (tan 𝜹)i (tan 𝜹)f 
T(tan𝜹=1) 
Heating 

T(tan𝜹=1) 
Cooling 

1.4%  0.27 0.34 56.1 55.5 

1.9% 0.27 0.34 59.2 59.6 

2.6%  0.24 0.30 62.9 61.6 

3.4% 0.25 0.32 65.9 70.5 

3.8%  0.24 0.32 68.9 73.8 
 

Table 11- Composition of the cheese discs with adjusted NaCl content. Note that the composition was calculated based on the 
difference of weight after adjustment and the composition of the non-adjusted cheese given by the reference methods. 

NaCl (% 
m/m) 

Moisture        
(% m/m) 

Fat             
(% m/m) 

𝒎𝒐𝒊𝒔𝒕𝒖𝒓𝒆

𝒑𝒓𝒐𝒕𝒆𝒊𝒏
 

𝑵𝒂𝑪𝒍

𝒎𝒐𝒊𝒔𝒕𝒖𝒓𝒆
 

1.4 

 ~46 ~27 

1.95* 3.0% 

1.9 1.99* 4.1% 

2.6 2.05* 5.7% 

3.4 2.13* 7.4% 

3.8 2.17* 8.3% 
*2% of dry matter was considered to be mineral material and lactate. 

pH Adjustment 

The effect of pH of the cheese in the melting characteristics was also studied. For that, cheese discs were adjusted 

to lower pH value, 4.7 and 5.1 and to higher values, 5.7. To adjust to lower pH values the discs were left in a 

desiccator with an acetic acid atmosphere, whereas to increase the pH the atmosphere of the atmosphere was 

altered with ammonia.  

The resulting tan 𝛿 curves are presented in Figure 30 and some parameters taken from this figure in Table 12. 

Given the fact that, upon adjusting the pH in the desiccator to the values of 5.1 and 5.7, the changes in moisture 

were not substantial (Table 13), the composition in terms of moisture, salt, and fat content, can be considered 

to be very close to the values in the non-adjusted cheese.  However, the loss of moisture in the cheese discs with 

pH 4.7 was more obvious. This could be explained by the fact that to adjust to 4.7, the discs were more time in 

the desiccator and that could lead to moisture evaporation or the lowering of pH to this extreme value could 

induce syneresis. The latter was also observed by Pastorino et al [55]. 

The effect of pH is probably a consequence of its influences on (1) the ratio of soluble-to-colloidal Ca, (2) the 

degree of para-casein hydration and (3) the type/extent of protein interactions [50]. When the pH is adjusted to 

lower values such as 4.7, the melting of the cheese is impaired as it is possible to see from the Figure 30 and 

Table 12. The tan 𝛿 does not vary much and does not reach the value of 1 upon heating which indicates that 

throughout the heating the cheese never reaches the liquid-like behaviour and the protein matrix stays highly 

structured. In cheeses with a very low pH value, electrostatic repulsion between casein molecules is greatly 

reduced due to the proximity of the system to the isoelectric point of casein, which strengthens the bonding 

between CN molecules and adversely affects melting ability. With respect to the other pH values, it is possible to 

see that with the decrease of pH from 5.36 (unadjusted cheese) to 5.1 has an influence on the fluidity of the 



44 
 

cheese but not a noteworthy effect on the temperature at which it melts. However, a reduction in pH can be 

viewed as decreasing the amount of casein-calcium phosphate crosslinking and increasing electrostatic repulsion 

between the newly exposed phosphoserine groups of casein molecules. The net result of this shift in the calcium 

equilibrium should be a weakening of cheese structure and an increase in meltability (if all other factors are 

unchanged) [49]. This effect is not so obvious when comparing the pH 5.36 and 5.1 but it is when comparing 

these two with the pH 5.7. 

 

 

Figure 30- Average curves for tan 𝛿 for different pH values (4.7, 5.1, 5.36 and 5.7). Rheology measurements over a temperature 
sweep (5℃-80℃-5℃) with a heating and cooling rate of 2℃/min, strain of 0.1% and frequency of 1 Hz with cheese discs with 
a diameter and thickness of, approximately, 27 and 2 mm, respectively. 

Table 12- Summary table with parameters from Figure 30. 

pH (tan 𝜹)i (tan 𝜹)f 
T(tan𝜹=1) 
Heating 

(℃) 

T(tan𝜹=1) 
Cooling 

(℃) 

4.7 0.33 0.39 -- -- 

5.1 0.27 0.38 56.5 58.5 

5.36 0.26 0.36 57.9 59.3 

5.7 0.24 0.35 62.5 64.3 
 

Table 13- Composition of the cheese discs with adjusted pH. Note that the composition was calculated based on the difference 
of moisture and the composition of the non-adjusted cheese given by the reference methods. 

pH 
Moisture        
(% m/m) 

NaCl 
 (% m/m) 

Fat (% m/m) 

4.7 ~36 ~1.6 ~33 

5.1 

~40 ~1.54 ~31 5.36 

5.7 

 

pH and Salt Content Adjustment 

The simultaneous salt and pH effect was also studied. The resulting tan 𝛿 curves are presented in Figure 31 and 

some parameters taken from this figure in Table 14. In Figure 31, are not only the results for the cheese discs 
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adjusted in terms of salt and pH (3.8% NaCl with pH 5.0 and 3.8% NaCl with pH 5.6) but also the results from the 

closest condition studied individually (3.8% Salt, pH 5.1 and pH 5.7). From the results, it is possible to see that 

combining both the effect of low pH and high salt, for relatively extreme values, impaired the melting and the 

tan 𝛿 never reached the value of 1 upon heating. Individually, the effect of pH 5.1 (the closest pH studied 

individually) and the effect of 3.8% of NaCl is not enough to limit the melting of the cheese in the same way as 

the combination of the two does. These conditions mimic, roughly the conditions presented in Feta-type cheese 

[56]. When both the pH and salt are adjusted to higher values, NaCl to 3.8% and pH to 5.6, then the resulting 

curve is very similar to the curve resulting from the cheese discs adjusted only to 3.8% of NaCl. This suggests that 

the salt effect is stronger than the pH effect. 

 

 

Figure 31- Average curves for tan 𝛿 for different pH values and salt content values (3.8% NaCl, pH 5.7, 5.1 and pH 5.6 with 
3.8% NaCl and pH 5.0 with 3.8% NaCl). Rheology measurements over a temperature sweep (5℃-80℃-5℃) with a heating and 
cooling rate of 2℃/min, a strain of 0.1% and frequency of 1 Hz with cheese discs with a diameter and thickness of, 
approximately, 27 and 2 mm, repectively. 

Table 14- Summary table with parameters from Figure 31. 

Condition (tan 𝜹)i (tan 𝜹)f T(tan𝜹=1) Heating T(tan𝜹=1) Cooling 

3.8% NaCl and pH 5.0 0.24 0.36 -- -- 

3.8% NaCl and pH 5.7 0.23 0.34 69.2 72.1 

Calcium content Adjustment 

It is recognized that the influence of calcium on protein-to-protein interactions within the matrix plays a 

significant role in cheese functionality [57]. To study the influence of the calcium in the melting of the cheese, 

the composition was adjusted in terms of calcium content and calcium distribution. For that, 50 𝜇L of a 1M 

solution of calcium phosphate was added to the cheese discs. Also added to the cheese discs was 50 𝜇L of 1% 

solution citric acid. This will not modify the calcium content but it is known to sequester calcium to form the 

soluble calcium citrate anion (CaCit−), which increases calcium solubility [40].   

The resulting curves are presented in Figure 32 and some parameters taken from this figure are in Table 15. Both 

heating and cooling curves are now on the same graphic. Also, in both graphics is also the resulting curve from 
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the cheese adjusted with 50 𝜇L of milk permeate so that comparison is made between cheese discs with, 

approximately, the same composition.  

From Figure 32, it is possible to infer that the addition of calcium chloride and citric acid have opposite effects in 

the melting of the cheese. Adding the calcium chloride leads to a melting that happens at higher temperatures 

and reaches lower maximum tan 𝛿 values, whereas with the citric acid the melting happens earlier. Perhaps this 

happens because when the calcium chloride is added, there is an increase in the insoluble calcium content and 

because of that some soluble calcium phosphate will become insoluble and associate with the micelles leading 

to stronger linkages in the cheese matrix. O’Mahony et al [21], also observed that colloidal calcium phosphate 

concentration had a strong influence on the small deformation rheological properties of cheese during heating. 

The effects that they observed were confined largely to the 50 to 90°C temperature range and were regarding 

cheddar cheese. The potential for modifications to protein-protein interactions such as bond breakage and 

structural rearrangement (prerequisites for melt and flow of cheese), also decreased with increasing 

concentration of colloidal calcium phosphate in this temperature range. On the other hand, citrate is known to 

promote colloidal calcium phosphate solubilization and by that should decrease the content of bound calcium in 

cheese. This would decrease protein-protein interactions leading to increased emulsification of fat by caseins, 

and it would affect the hardness and melting properties of cheese. This goes in agreement with the observed 

results.  

 

Figure 32- Average curves for tan 𝛿 for cheese with a solution of calcium chloride added and a solution of citric acid. In both 
graphics is also the curve for cheese to which only milk permeate was added. Rheology measurements over a temperature 
sweep (5℃-80℃-5℃) with a heating and cooling rate of 2℃/min, strain of 0.1% and frequency of 1Hz with cheese discs with 
a diameter and thickness of, approximately, 27 and 2 mm, respectively. 

Table 15- Summary table with parameters from Figure 32. 

Solution Added (tan 𝜹)i (tan 𝜹)f 
T(tan𝜹=1) 
Heating 

T(tan𝜹=1) 
Cooling 

Calcium Chloride (1 M) 0.25 0.32 60.2 64.5 

Citric Acid (1%) 0.26 0.37 53.4 51.4 

Milk permeate 0.27 0.35 56.1 55.5 

Whey Protein content adjustment  

A 5% whey protein solution was also added to the cheese discs to study the influence of the whey protein content 

in the melting characteristics of the cheese. The results are presented in Figure 33 and some parameters taken 
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from this figure are in Table 16. From Figure 33 it is possible to see that the addition of whey protein to cheese 

discs led to a melting happening at lower temperatures and reached higher values of tan 𝛿 maximum when 

compared to cheese with the same moisture content. This was not an expected trend since previous reports 

suggest that the addition of denatured whey proteins concentrate to the cheese milk for low moisture 

mozzarella, markedly reduced the flowability and/or the stretchability, and increased the apparent viscosity of 

the melted cheese. These effects of whey proteins on the functionality of heated cheese are probably due to the 

ability to undergo self-aggregation or aggregation with the para-k-CN at the low pH in the cheese to form 

aggregated protein structures (pseudo-gels) at the high temperature reached during baking/grilling.  On setting, 

these structures will impede displacement of adjacent layers of the para-casein matrix and thereby flow of the 

melted cheese mass [53]. However, in the present work, the whey protein was added a posteriori to the 

manufacturing of the cheese instead of to the cheese milk. Also, the whey protein isolate used in the present 

work was in its native form instead of denatured. To further deepen the understanding on the observed results, 

further work is suggested. 

 

 

Figure 33- Average curves for tan 𝛿 for cheese with 5% solution of whey protein the curve for cheese to which only milk 
permeate was added. Rheology measurements over a temperature sweep (5℃-80℃-5℃) with a heating and cooling rate of 
2℃/min, strain of 0.1% and frequency of 1Hz with cheese discs with a diameter and thickness of, approximately, 27 and 2 mm, 
respectively. 

Table 16- Summary table with parameters from Figure 33. 

Solution Added (tan 𝜹)i (tan 𝜹)f 
T(tan𝜹=1) 
Heating 

T(tan𝜹=1) 
Cooling 

Whey protein 0.26 0.35 53.4 51.4 

Milk permeate 0.27 0.35 56.1 55.5 
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3.2.3. MDSC Measurements 

Modulated differential scanning calorimetry measurements were performed for the following set of conditions:  

zero-fat; non-adjusted fat-containing; 1.9% NaCl: 3.4% NaCl: pH 5.1, pH 5.6; 3.8% NaCl with pH 5.0 and 3.8% NaCl 

with pH 5.6. The measurements were performed in duplicate. The resulting curves for the zero-fat and non-

adjusted fat-containing cheese are presented in Figure 34 and the rest are in the appendix (6.6). From the total 

heat flow curves (green curves), there is not much information to take, except the melting of fat that is 

contemplated in the non-reversing heat flow.  If the total heat flow is separated in reversing and non-reversing 

heat flow, more interesting transitions appear. The main aspect to study is the substantial transition in the 

reversing heat flow. This transition resembles a glass transition observed for carbohydrates [58]. However, before 

heating, the cheese is not considered to be in a glassy state, so this transition may be approximated to a colloidal 

glass transition. To determine at which temperature this colloidal glass transition (Tg) happens, glass transition 

integration over the reversing heat flow curve was calculated.   

The DSC results allow the study of changes in the state of the cheese matrix.  This is more focused on what is 

happening in melting of the structure rather than a specific change in the proteins. In melting of cheese, typically, 

there is a transition where in the beginning exists a very homogeneous gel (cheese) that changes to a state where 

there is more mobility and flexibility. This may lead to transitions from bound water to more free water and that 

can be seen in the changes in heat capacity. Regarding the increase happening in the non-reversing heat flow, 

that will balance the ‘colloidal glass transition’ in the total heat flow, it is not sure what the cause is. The non-

reversing heat flow comprises the changes in kinetics, which can include evaporation, crystallization, protein 

denaturation, decomposition, etc. [34] From Figure 35, it is possible to see that the trends observed for the 

variation of the Tg with the various conditions is the same as the trends observed in the rheology measurements 

for the temperature at which the tan 𝛿 reaches 1. 
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Figure 34- Heat flow curves that resulted from the modulated DSC measurements. a-Non-adjusted fat-containing cheese: b- 
zero-fat cheese. The green, red and blue curves correspond to the total, reversible and non-reversible heat flow, respectively. 
The heating ramp used was from 5℃ to 90℃ with a heating rate of 2℃/min. 

Table 17- Colloidal glass transition for the different conditions calculated bt the integration of the reversible heat flow curve. 

Cheese Type Sample Tg, Glass transition temperature (℃) 

Zero-Fat Non-adjusted 48.2 

Fat-containing 

Non-adjusted 49.8 

1.9% NaCl 46.6 

3.4% NaCl 53.9 

pH 5.1 50.6 

pH 5.6 55.4 

3.8% NaCl, pH 5.0 48.3 

3.8% NaCl, pH 5.6 60.7 
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Figure 35- Glass transiton temperatures (blue dots) and the temperatures at which the tan 𝛿 is 1 (green dots) for the different 
contitions. The cheese with adjusted composition and pH is fat-containing cheese. 
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4. Conclusion and Future Work 

Melting is one of the most important user properties of cheese since it is the essential ingredient in food products 

like pizzas, burgers, and nachos. Because of that, the demand for cheese as an ingredient pressures cheese 

manufacturers to provide cheese with perfect melting properties for each application. The goal of this project 

was to work towards a more complete understanding of the process and what influences it, enabling, 

consequently, a more efficient development of cheeses with predictable melt and flow behavior characteristics. 

To do that, the project was divided into two parts. The first one was focused on understanding the interactions 

of caseins upon heating and cooling since these interactions are vital in understanding the physical and chemical 

properties of cheese. The number, strength, and types of bonds among casein molecules as well as the spatial 

arrangements of these bonds constitute the basis of cheese rheology. The second part of the project had its focus 

on the understanding of the parameters that influence the cheese melting and cooling process and to assess the 

possibility of optimization.  

To better understand the micellar behavior under cheese conditions, micellar casein isolate (MCI) solutions were 

prepared with adjusted pH and ionic strength. Solutions with studied conditions varying from pH unadjusted, 5.7 

and 5.3 and NaCl content of 0, 2 and 5% (m/m) were subjected to turbidity measurements and were also heated 

to 20, 50 and 80℃ for 1 hour and cooled down to 20℃. After that, were centrifuged at 100,000 g for 1 hour. The 

quantity of protein encountered in the resulting supernatant and pellet gave insight on the micelles that stayed 

intact or aggregated (pellet) and the ones that suffered partial or full disintegration (supernatant). The resulting 

supernatant was analyzed by SDS-PAGE and RP-HPLC. About the state of micelles in solution (i.e., after adjusting 

pH and salt content), the results showed that adjusting pH to 5.7 and 5.3 in combination with the NaCl adjustment 

to 2% and 5% compromised the structure of the casein micelles and led to their disintegration caused, mainly, 

by the calcium phosphate solubilization. Upon heating, samples with adjusted pH showed aggregation of the 

casein particles in solution, this being more accentuated for the samples with both pH and salt adjusted. 

Measurements were also performed with a heating and cooling rate of 0.5℃/min to assess the influence of the 

rate. The results showed that it influences the type of interactions observed since the aggregation profile was 

not the same. The effect of whey protein in the aggregation profile observed was also studied by adding NEM to 

the samples. NEM prevents heat-induced irreversible whey protein denaturation and interaction of whey 

proteins with casein by thiol-disulfide group reactions. There was a small difference observed in the heating 

profiles of the samples containing NEM. However, the significant increases in 𝑂𝐷800 observed that coincide with 

the significant aggregation period did not suffer a substantial change. An important factor that was observed was 

the fact that the interactions that led to the aggregation of the casein particles revealed to be, mainly, 

irreversible.  

Regarding the temperature influence for each type of casein, based on the turbidity results, it would be expected 

that the quantity of casein in the supernatant was proportional to the temperature at which the solutions were 

heated. However, no trend was observed to conclude how the protein (𝑘-casein, 𝛼S1-casein and 𝛽-casein) 

quantity varies with the temperature to which the samples were heated (20℃, 50℃ or 80℃). It was observed 

that k-casein reacts to heat differently when compared to 𝛼S1-casein and 𝛽-casein. 
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MCI samples were also prepared in a calcium-fortified medium to avoid the calcium solubilization that is, 

perhaps, on the origin of the micelle disintigration. However, the micellar disintegration still happened, possibly, 

due to the fact that the added calcium phosphate was less soluble than the micellar colloidal calcium phosphate. 

The second part of the project was focused on working with Gouda-type cheese to understand its melting and 

cooling process and how changing composition influences it.  Confocal scanning laser microscopy observation of 

low-fat and full-fat cheeses showed changes in fat distribution after melting. Low-amplitude oscillatory rheology 

measurements were performed in fat-containing gouda-type and zero-fat cheese discs over different 

temperature ramps (from 5℃ to 40, 60, 80 and 90℃ and back to 5℃).  It was possible to conclude that heating 

the cheese to 40℃ did not cause irreversible changes to the cheese matrix. This information was taken from the 

fact that initial and final tan 𝛿 were very close. However, heating to 60℃ or higher temperatures caused 

irreversible changes in the cheese. From the obtained results, by comparing the fat-containing with the zero-fat 

cheese, one could say that the presence of fat hinders the cheese melting. However, this was not expected, 

according to literature, and it is important to note that, even though the moisture to protein ratio is similar for 

the two systems (1.60 for the fat-free system and 1.55 for the fat-containing system), the composition of the two 

types of cheeses were quite different. So, this effect may not be only due to the lack of fat in the cheese.  

The composition of fat-containing cheese was altered to assess the influence of different parameters on the 

melting properties of cheese. The studied parameters were salt, moisture, calcium and whey protein content, 

calcium distribution and pH. The results showed that increasing the NaCl content from 1.4 to 3.8 and the pH of 

the cheese to 5.7 retarded the onset of the melting and decreased the fluidity reached (lower maximum values 

of loss tangent, tan 𝛿).  Lowering the pH to 5.1 had an impact on the maximum tan 𝛿, lowering it, but did not 

influence the temperature at which the melting happens. Lowering pH to 4.7 impaired the melting as it inhibits 

the change from the solid elastic form to a more viscous-like behavior due to the proximity to the isoelectric 

point of the caseins. Calcium chloride and citric acid were added to the cheese and the first showed to hinder the 

cheese melting and the latter appeared to help the melting. The addition of whey protein resulted in an 

unexpected behavior since it helped the melting of cheese instead of the contrary.   

Modulated differential scanning calorimetry measurements were performed for the following set of conditions:  

zero-fat; non-adjusted fat-containing; 1.9% NaCl: 3.4% NaCl: pH 5.1, pH 5.6; 3.8% NaCl with pH 5.0 and 3.8% NaCl 

with pH 5.6.  The DSC results allow the study of changes in the state of the cheese matrix. The main aspect studied 

was the substantial transition observed in the reversing heat flow, this was considered to be a colloidal glass 

transition. From the glass transition integration over the reversing heat flow curve, the colloidal glass transition 

temperature was calculated. It was concluded that this colloidal glass transition temperature varied in the same 

form between sample conditions as the temperature at which the tan 𝛿 reached the value of 1 in the rheology 

measurements. 

The initial goal of the project was to correlate the first part of the project, where the micellar behavior under 

cheese conditions and its heat-induced changes were studied with the second part, where the focus was the 

rheological properties of melted cheese. However, from the first part it was observed that when adjusting the 
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conditions to the ones encountered in cheese, there was aggregation of the particles upon heating, suggesting 

the increase in strength of the interactions between the caseins. On the other hand, when studying the 

rheological behavior of melted cheese, there was a notable decrease in the strength of the interactions that 

compose the cheese matrix. The two set of results are not interrelated because the study of the micellar behavior 

was performed with micellar casein isolate in solution whereas in real cheese there is a compact matrix of 

aggregated micelles. A possibility to approximate these two trials would be to study the micellar behavior in 

renneted micelles.  

Understanding what happens during the melting and what influences it is key to allow the optimization of melted 

cheese. However, the concept of optimization is quite relative because it depends on what is asked of each 

manufacturer.  The understanding of the melting characteristics of cheese is not only useful when the melted 

cheese is used as an ingredient but also to improve the production process of certain types of cheese. Pasta filata 

cheeses are characterized by a unique texturization process where the curd is continually kneaded and stretched 

in hot water until a smooth, fibrous structure is obtained.  Understanding the heat-induced changes in the casein 

micelles can allow and optimization of the production of pasta filata cheeses and reduce energy costs. 

Further work could be performed to complete the composition matrix of studied variables not only for the fat- 

containing but also for the zero-fat cheese. Since the addition of whey protein resulted in unexpected behavior, 

it would be interesting to further explore the influence of adding whey protein after the cheese production. The 

effect of proteolysis/ripening of the cheese was not considered in this project but could be the focus of future 

work. Also interesting to study would be how the cheese composition influences the duration of certain melting 

characteristics if the temperature is maintained constant.  
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6. Appendix  

6.1. MCI compostion  

Table 18- Composition of the MCI powder used for the sample preparation. 

Components MCI88  

Protein (%N*6,38) 83.8 

Casein (N*6,38) 79.7 

Nitrogen (%) 13.1 

NPN (%N) 0.09 

Calcium (mg/kg) 22900 

Phosphate (mg/kg) 14100 

Sodium (mg/kg) 1040 

Potassium (mg/kg) 3100 

Magnesium (mg/kg) 960 

Manganese (mg/kg) 0.61 

Iron (mg/kg) 5.8 

Copper (mg/kg) 1.82 

Zinc (mg/kg) 110 

Citric acid (%) 0.62 

Chloride (%) 0.11 

 

6.2. SDS-PAGE – Standard MCI Samples 

 

Figure 36- SDS-PAGE gels obtained from the supernatant that resulted from the ultracentrifugation of the non-heated samples 
(20℃) and the heated samples (50℃ and 80℃). Samples at unadjusted pH (A, D, G), pH 5.7 (B, E, H) or pH 5.3 (C, F, I) and 
containing 0 (A, B, C), 2.0 (D, E, F) or 5.0 (G, H, I) % added NaCl.  Letters are followed by the temperature at which the solutions 
were heated. 
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6.3. RP-HPLC- Standard MCI Samples 

 

Figure 37- Chromatograms obtained from the RP-HPLC performed in the supernatants that resulted from the centrifugation 
of the non-heated MCI standard samples (20 ℃). Samples at unadjusted pH (A, D, G), pH 5.7 (B, E, H) or pH 5.3 (C, F, I) and 
containing 0 (A, B, C), 2.0 (D, E, F) or 5.0 (G, H, I) % added NaCl.  Letters are followed by the temperature at which the solutions 
were heated. 

 

Figure 38- Chromatograms obtained from the RP-HPLC performed in the supernatants that resulted from the centrifugation 
of the heated to 50℃ MCI standard samples. Samples at unadjusted pH (A, D, G), pH 5.7 (B, E, H) or pH 5.3 (C, F, I) and 
containing 0 (A, B, C), 2.0 (D, E, F) or 5.0% (G, H, I) added NaCl.  Letters are followed by the temperature at which the solutions 
were heated. 
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Figure 39- Chromatograms obtained from the RP-HPLC performed in the supernatants that resulted from the centrifugation 
of the heated to 80℃ MCI standard samples. Samples at unadjusted pH (A, D, G), pH 5.7 (B, E, H) or pH 5.3 (C, F, I) and 
containing 0 (A, B, C), 2.0 (D, E, F) or 5.0 (G, H, I) % added NaCl.  Letters are followed by the temperature at which the solutions 
were heated. 

 

 

Figure 40- RP-HPLC results expressed in areas of the individual caseins as a percentage of that casein in the whole sample at 
its respective temperature. Each graphic corresponds to one of six conditions, A (0% Salt, pH unadjusted), B (0% Salt, pH 5.7), 
C (0% Salt, pH 5.3), D (2% Salt, pH unadjusted), E (2% Salt, pH 5.7) and G (5% Salt, pH unadjusted). Non-heated samples and 
samples heated to 50℃ and 80℃ for 1 hour are represented in blue, orange and green, respectively. 
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6.4. RP-HPLC- Calcium fortified MCI Samples 

 

 

Figure 41- RP-HPLC results expressed in areas of the individual caseins as a percentage of that casein in the whole sample at 
its respective temperature. Each graphic corresponds to one of the nine conditions, A (0% Salt, pH unadjusted), B(0% Salt, pH 
5.7), C(0% Salt, pH 5.3), D(2% Salt, pH unadjusted), E(2% Salt, pH 5.7), F(2% Salt, pH 5.3), G(5% Salt, pH unadjusted), H(5% 
Salt, pH5.7) and I( 5%Salt, pH 5.3). Non-heated samples and samples heated to 50℃ and 80℃ for 1 hour are represented in 
blue, orange and green, respectively. 
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6.5. Rheology Measurements 

Composition adjustment 

33% Moisture  

 

Figure 42- Replicates of G’(left) and G’’(right) curves during heating (5-80℃, with a heating rate of 2℃/min, strain of 0.1% 
and frequency of 1Hz) of fat-containing cheese with altered composition (33% moisture). 

 

 

Figure 43- Replicates of G’(left) and G’’(right) curves during cooling (80-5℃, with a cooling rate of 2℃/min, strain of 0.1% and 
frequency of 1Hz) of fat-containing cheese with altered composition (33% moisture). 

46% Moisture 

 

 

Figure 44- Replicates of G’(left) and G’’(right) curves during heating (5-80℃, with a heating rate of 2℃/min, strain of 0.1% 
and frequency of 1Hz) of fat-containing cheese with altered composition (46% moisture). 
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Figure 45- Replicates of G’(left) and G’’(right) curves during cooling (80-5℃, with a cooling rate of 2℃/min, strain of 0.1% and 
frequency of 1Hz) of fat-containing cheese with altered composition (46% moisture). 

1.9% NaCl 

 

 

Figure 46- Replicates of G’(left) and G’’(right) curves during heating (5-80℃, with a heating rate of 2℃/min, strain of 0.1% 
and frequency of 1Hz) of fat-containing cheese with altered composition (1.9%NaCl). 

 

 

 

Figure 47- Replicates of G’(left) and G’’(right) curves during cooling (80-5℃, with a cooling rate of 2℃/min, strain of 0.1% and 
frequency of 1Hz) of fat-containing cheese with altered composition (1.9% NaCl). 
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2.6% NaCl 

 

 

Figure 48- Replicates of G’(left) and G’’(right) curves during heating (5-80℃, with a heating rate of 2℃/min, strain of 0.1% 
and frequency of 1Hz) of fat-containing cheese with altered composition (2.6%NaCl). 

 

 

Figure 49- Replicates of G’(left) and G’’(right) curves during cooling (80-5℃, with a cooling rate of 2℃/min, strain of 0.1% and 
frequency of 1Hz) of fat-containing cheese with altered composition (2.6%NaCl). 

3.4% NaCl 

 

 

Figure 50- Replicates of G’(left) and G’’(right) curves during heating (5-80℃, with a heating rate of 2℃/min, strain of 0.1% 
and frequency of 1Hz) of fat-containing cheese with altered composition (3.4%NaCl). 
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Figure 51- Replicates of G’(left) and G’’(right) curves during cooling (80-5℃, with a cooling rate of 2℃/min, strain of 0.1% and 
frequency of 1Hz) of fat-containing cheese with altered composition (3.4% NaCl). 

3.8% NaCl 

 

 

Figure 52- Replicates of G’(left) and G’’(right) curves during heating (5-80℃, with a heating rate of 2℃/min, strain of 0.1% 
and frequency of 1Hz) of fat-containing cheese with altered composition (3.8% NaCl). 

 

 

Figure 53- Replicates of G’(left) and G’’(right) curves during cooling (80-5℃, with a cooling rate of 2℃/min, strain of 0.1% and 
frequency of 1Hz) of fat-containing cheese with altered composition (3.8% NaCl). 
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pH 4.7 

 

 

Figure 54- Replicates of G’(left) and G’’(right) curves during heating (5-80℃, with a heating rate of 2℃/min, strain of 0.1% 
and frequency of 1Hz) of fat-containing cheese with altered composition (pH 4.7). 

 

 

Figure 55- Replicates of G’(left) and G’’(right) curves during cooling (80-5℃, with a cooling rate of 2℃/min, strain of 0.1% and 
frequency of 1Hz) of fat-containing cheese with altered composition (pH 4.7). 

pH 5.1 

 

 

Figure 56- Replicates of G’(left) and G’’(right) curves during heating (5-80℃, with a heating rate of 2℃/min, strain of 0.1% 
and frequency of 1Hz) of fat-containing cheese with altered composition (pH 5.1). 
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Figure 57- Replicates of G’(left) and G’’(right) curves during cooling (80-5℃, with a cooling rate of 2℃/min, strain of 0.1% and 
frequency of 1Hz) of fat-containing cheese with altered composition (pH 5.1). 

pH 5.7 

 

 

Figure 58- Replicates of G’(left) and G’’(right) curves during heating (5-80℃, with a heating rate of 2℃/min, strain of 0.1% 
and frequency of 1Hz) of fat-containing cheese with altered composition (pH 5.7). 

 

 

Figure 59- Replicates of G’(left) and G’’(right) curves during cooling (80-5℃, with a cooling rate of 2℃/min, strain of 0.1% and 
frequency of 1Hz) of fat-containing cheese with altered composition (pH 5.7). 
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3.8% NaCl, pH 5.0 

 

 

Figure 60- Replicates of G’(left) and G’’(right) curves during heating (5-80℃, with a heating rate of 2℃/min, strain of 0.1% 
and frequency of 1Hz) of fat-containing cheese with altered composition (3.8% NaCl,pH 5.0). 

 

 

Figure 61- Replicates of G’(left) and G’’(right) curves during cooling (80-5℃, with a cooling rate of 2℃/min, strain of 0.1% and 
frequency of 1Hz) of fat-containing cheese with altered composition (3.8% NaCl, pH 5.0). 

3.8% NaCl, pH 5.6 

 

 

Figure 62- Replicates of G’(left) and G’’(right) curves during heating (5-80℃, with a heating rate of 2℃/min, strain of 0.1% 
and frequency of 1Hz) of fat-containing cheese with altered composition (3.8% NaCl,pH 5.6). 
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Figure 63- Replicates of G’(left) and G’’(right) curves during cooling (80-5℃, with a cooling rate of 2℃/min, strain of 0.1% and 
frequency of 1Hz) of fat-containing cheese with altered composition (3.8% NaCl,pH 5.6). 

w/ Citric acid  

 

 

Figure 64- Replicates of G’(left) and G’’(right) curves during heating (5-80℃, with a heating rate of 2℃/min, strain of 0.1% 
and frequency of 1Hz) of fat-containing cheese with altered composition (w/ citric acid). 

 

 

Figure 65- Replicates of G’(left) and G’’(right) curves during cooling (80-5℃, with a cooling rate of 2℃/min, strain of 0.1% and 
frequency of 1Hz) of fat-containing cheese with altered composition (w/citric acid). 
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w/ Calcium Choride 

 

 

Figure 66- Replicates of G’(left) and G’’(right) curves during heating (5-80℃, with a heating rate of 2℃/min, strain of 0.1% 
and frequency of 1Hz) of fat-containing cheese with altered composition (w/ calcium chloride). 

 

 

Figure 67- Replicates of G’(left) and G’’(right) curves during cooling (80-5℃, with a cooling rate of 2℃/min, strain of 0.1% and 
frequency of 1Hz) of fat-containing cheese with altered composition (w/calcium chloride). 

w/ Whey Protein 

 

 

Figure 68- Replicates of G’(left) and G’’(right) curves during heating (5-80℃, with a heating rate of 2℃/min, strain of 0.1% 
and frequency of 1Hz) of fat-containing cheese with altered composition (w/ whey protein). 
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Figure 69- Replicates of G’(left) and G’’(right) curves during cooling (80-5℃, with a cooling rate of 2℃/min, strain of 0.1% and 
frequency of 1Hz) of fat-containing cheese with altered composition (w/whey protein). 

 

 

 

 



Summary Table 

Condition 𝐆’ 𝐢 ± SD (%) 𝐆’ 𝐟 ±SD (%) 𝐆′’ 𝐢 ± SD (%) 𝐆’′ 𝐟 ± SD (%) 𝐭𝐚𝐧 𝐢 ±SD (%) 𝐭𝐚𝐧’ 𝐟 ± SD (%) 

Heating Cooling Heating 

T (tan 𝜹=1) ± 
sdv (℃) 

T (tan 𝜹=1) ± sdv 
(℃) 

(tan 𝜹) 
máx 

33% Water 88.3 ± 41.2 115.0±32.9 24.7±44.7 43.6±32.8 0.28±6.8 0.38±2.6 64.7±1.50 66.9±2.31 1.72 

40% Water 54.3 ± 11.6 74.4±27.5 13.8±26.7 27.2±32 0.26±11.1 0.36±7.6 57.9±0.90 59.3±0.2 1.87 

46% Water 44.3± 5.6 34.2±22.2 12.0±0.06 11.9±25.8 0.27±5.7 0.35±3.7 56.1±0.2 55.5±0.35 2.07 

          

1.4% NaCl 44.3± 5.6 34.2±22.2 12.0±0.06 11.9±25.8 0.27±5.7 0.35±3.7 56.1±0.2 55.5±0.35 2.07 

1.9% NaCl 59.2±8.6 50.6±29.3 15.8±15.6 17.5±34.4 0.27±7 0.34±5.4 59.2±1.4 59.6±3.85 1.86 

2.6% NaCl 43.6±1.5 19.2±14.1 10.5±4 5.6±15.6 0.24±2.5 0.30±1.6 62.9±0.55 61.6±0.85 1.73 

3.4% NaCl 104.1±45 107.7±94.4 26.9±33 36.5±101 0.25±1.2 0.32±10.5 65.9±0.60 70.5±8.13 1.29 

3.8% NaCl 139.2±19.4 100.8±87.4 33.8±17.4 33.5±92.4 0.24±2.1 0.32±8.3 68.9±1.05 73.8±4.35 1.21 

          

pH 4.7 307.7±43 183.9±21.6 101.0±46 71.6±20.3 0.33±4.2 0.39±7.2 -- -- 0.43 

pH 5.1 90.2±14.1 96.1±7.1 24.6±17.9 38.2±6.1 0.27±3.8 0.38±1 56.5±0.15 58.5±0.35 1.61 

pH 5.7 68.1±51.5 107.5±46.4 16.5±54.6 37.2±46.1 0.24±8.5 0.35±3.1 62.5±2.31 64.3±3.53 1.69 

          

3.8% NaCl, pH 
5.0 

125.8±70.4 389.1±51.8 29.6±70 142.1±53.4 0.24±1.6 0.36±2.7 -- -- 0.72 

3.8% NaCl, pH 
5.6 

64.0±7.5 78.0±1.3 14.6±7.5 26.5±0.5 0.23±15 0.34±0.8 69.2±0.35 72.1±2.05 1.18 

          

Sol. Calcium 
Chloride 1M 

57.0±40.2 69.6±118 14.3±38 23.6±123 0.25±5.9 0.32±7.9 60.2±0.95 64.5±7.8 1.46 

          

Sol. Citric Acid 
1% 

36.3±25.7 16.0±76.5 9.6±30.7 5.7±71.4 0.26±4.6 0.37±4.8 52.1±0.86 49.2±1.35 2.00 

          

Sol. WPI 5% 54.0±12.5 19.4±20.7 13.8±15.6 6.8±19.3 0.26±5.1 0.35±1.6 53.4±0.35 51.4±1.5 2.28 

 

 



6.6. MDSC Measurements 

 

 

Figure 70- Heat flow curves that resulted from the modulated DSC measurements. c-1.9% NaCl; d- 3.4% NaCl; e- pH 5.1; f- pH 
5.6; g- 3.8% NaCl and pH 5.0; h- 3.8% NaCl and pH 5.6. All conditions are for fat-containing cheese. The green, red and blue 
curves correspond to the total, reversible and non-reversible heat flow, respectively. The heating ramp used was from 5℃ to 
90℃ with a heating rate of 2℃/min. 

 

 

 


