
ABSTRACT 

 
ZHONG, QIXIN. Cooling Effects on the Functionality and Microstructure of Processed 

Cheese (under the direction of Christopher R. Daubert and Orlin D. Velev) 

 
 Cooling is the final stage of process cheese manufacturing, and a slower cooling 

process generates a stronger structure requiring a larger force to shear cheese loaves 

while yielding a poor melt quality. To interpret cooling mechanisms, a model rennet 

casein system was formulated to include emulsifying salts and rennet casein powder, as 

used in processed cheese analogs. At pH 5.8 and 6.5, protein networks were 

discontinuous, and no cooling trends on rheological data were observed when cooled 

from 80 to 5 °C at 0.025, 0.05, 0.1, and 0.5 °C/min. At pH 7.2 and 12, networks were 

formed, and slower cooling delivered a firmer gel. 

 

 The rennet casein network was described as cross-linked flocs, and the 

aggregation of two particles into a doublet was the first stage of floc formation. At lower 

pHs, the overall force between protein particles was more attractive, the doublet 

formation time was short, and therefore the number of doublets formed was not affected 

by cooling rates. Accordingly, floc numbers and rheology did not show a trend with 

cooling effects at the lower pHs. At pH 7.2 and above, the doublet formation time was 

comparable to the time for temperature changes during cooling because of stronger 

repulsive forces. As a result, doublet formation was influenced by cooling rate, 

generating more doublets and more sites for floc growth at slower rates. A larger number 



of smaller flocs were created, delivering a stronger gel at slower cooling rates. More flocs 

at higher protein concentrations and slower cooling rates simplified the network 

formation. 

 

 Finally, cooling effects on processed cheese resulted from more uniform 

structures at slower cooling rates. A more uniform protein network formed prior to fat 

crystallization and confined the volume for fat crystallization, creating a more uniform 

cheese matrix and a firmer product. Cheese manufacturers can benefit from this research 

by adopting an appropriate cooling schedule to deliver specific functional properties. 
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 Milk is the starting material in cheese-making, and its chemical and physical 

changes during processing determine the rheological properties and microstructural 

characteristics of cheese products. By chemical composition, milk has 86.6% water, 4.1% 

fat, 3.6% proteins, 5.0% lactose, and 0.7% ash. Caseins, including αs1-, αs2-, β-, and κ-

caseins, consist of 80% of the total protein content and are the primary components of the 

protein matrix in cheese. Whey proteins, including β-lactoglobulins and α-lactalbumins, 

are the remaining 20% of the protein fraction and are removed during the dehydration 

process of cheese-making (Swaisgood, 1996). In fluid milk, milk fat is in the globular 

form, and therefore milk is technically considered an oil-in-water emulsion. However, 

milk is not a simple dispersion system, because caseins do not exist as single 

macromolecules but rather exist in the form of micelles (Dickinson, 1992). During 

cheese-making, the casein micelles aggregate upon acidification or enzymatic hydrolysis, 

forming a continuous network in which milk fat globules are included (Fox et al., 2000). 

 The following introductory sections describe the structure of casein micelles, 

followed by discussion of the mechanisms regulating micelle stability. Principles of 

natural and processed cheese manufacture will be reviewed, as well as the variables 

affecting processed cheese functionality. Rheological methods relevant to cheese science 

will also be briefly recapped. These sections serve as the fundamentals for this research 

project. 
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Caseins and casein micelle structure 

 The primary and tertiary structures of caseins enable unique interactions with 

calcium ions. Calcium-sensitive caseins, αs1-, αs2-, and β-caseins, have extremely low 

solubility when Ca2+ is bound to casein clusters. The κ-caseins are calcium-insensitive 

and are essential to the formation of casein micelle structure. The hydrophobic end of κ-

casein interacts with calcium-sensitive caseins to form micelles, and the hydrophilic end 

protrudes into the milk serum. Because of the polar portion of κ-caseins, casein micelles 

have a “hairy” layer on the outer surface maintaining the stability in milk. The unique 

amino acid residues distinguishing two portions of κ-caseins can be recognized by 

chymosin, an enzyme existing in calf rennet, allowing the hydrolysis and thus casein 

micelle coagulation during cheese making. The portion of κ-casein cleaved is called the 

glycomacropeptide, and the micelle without the “hairy” layer is called paracasein 

(Swaisgood, 1996).  

 The details of the micellar casein internal structure still remain unclear (Creamer 

and MacGibbon, 1996; Horne, 1998; Walstra, 1999). Different casein micelle models 

have been proposed to explain physiochemical properties, and the subunit model is 

widely accepted (Swaisgood, 1996). In this model, a casein micelle is composed of a 

group of submicelles (Fig. 1), linked by hydrophobic interactions and colloidal calcium 

phosphate bridges. Casein submicelles are approximately spherical with a diameter of 15-

20 nm and are composed of individual molecules of αs1-, αs2-, β-, and κ-caseins. 

Hydrophobic interactions between the β-sheet structures in the hydrophobic domains of 

κ-casein and the calcium-sensitive caseins stabilize the micelle structure. When the polar 
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domain of κ-casein, which cannot interact with calcium phosphate, occupies a sufficient 

amount of micelle surface area, the micelle growth stops. Therefore, a large number of 

submicelles rich in κ-casein yield a smaller casein micelle (Swaisgood, 1996). 

 

Stability of casein micelles 

The “hairy” κ-casein layer exists on the surface of casein micelles (Fig. 1). When 

two casein micelles approach each other, a dramatic increase of osmotic pressure is 

generated in the region where the “hairy” layers overlap (steric interaction). Casein 

micelles are thus repelled from each other, and the aggregation of casein micelles is 

prevented (Tuinier and de Kruif, 2002). 

 Under normal conditions, casein micelles are negatively charged (Dalgleish, 

1987; Dickinson, 1992). When milk pH is lowered to the isoelectric point of casein 

micelles (pI = 4.6), the net charge of the casein micelle is neutralized, and the κ-casein 

layer collapses. The steric interaction is no longer effective, and casein micelles 

coagulate, as in the acidification process during yogurt production. The other approach to 

eliminate the steric interaction is to cleave the “hairy” layer via enzymatic hydrolysis. 

The renneting process in cheese production utilizes chymosin from calf rennet to cleave 

the connection between hydrophobic and hydrophilic portions of κ-casein (de Kruif, 

1999; Tuinier and de Kruif, 2002). 

Upon acidification or renneting, casein micelles aggregate to form a particle gel 

(Dickinson, 1992) in the sense that micelles are not covalently bound but linked by 

colloidal forces (Ross-Murphy, 1995). However, this network is much more complicated 
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than an idealized model because of the polydispersity and heterogeneity of the 

aggregating particles (Dickinson, 1992). In addition, micellar rearrangements within the 

network continue to occur after gelation, further complicating the system (Mellema et al., 

2000, 2002). 

 

Cheese making processes and characteristics of cheese matrix 

Cheese making is basically a dehydration process whereby the fat and casein are 

concentrated, depending on the cheese variety. Basic steps during cheese manufacturing 

include: acidification, coagulation, dehydration (cutting, cooking, stirring, pressing, 

salting), shaping (molding, pressing), and ripening. Besides milk composition, the 

amount of water retained in a cheese product is regulated by the extent and combination 

of the aforementioned steps. Moisture content, as well as salt content and microflora, also 

regulates biochemical changes, e.g. proteolysis, during the ripening period (Holsinger et 

al., 1995; Fox et al., 2000). 

Acidification. The acidification process is defined as the progressive development 

of acidity throughout the manufacturing stage. Milk pH is lowered by a starter culture 

(lactic acid bacteria) through the hydrolysis of lactose into lactic acid. Acid production is 

key to the production of good quality cheeses because it affects coagulant activity, curd 

strength and syneresis, pH, and the growth of non-starter microorganisms (Holsinger et 

al., 1995; Fox et al., 2000).  

Coagulation. In this process, a gel is formed by renneting, direct acidification to 

the isoelectric point of casein (approximately pH 4.6), or acidification to pH 5.2 with 



 

 6

heat. Curds coagulated by rennet have better syneresis properties, making a low moisture 

curd without hardening. The coagulant activity and the amount of coagulant retained in 

the curd influence proteolysis, essential for cheese ripening (Holsinger et al., 1995; Fox 

et al., 2000).  

Dehydration (post-coagulation changes). Post-coagulation changes determine 

the quality of a finished cheese. Rennet-coagulated curd is very stable when quiescent but 

quickly synereses when cut, expelling the whey. The rate and extent of syneresis is 

controlled by milk composition, especially calcium ion concentration, pH of the whey, 

cooking temperature, rate at which the curd is stirred with the whey, and time. At this 

point, differentiation among cheese varieties begins, although the amount and type of 

starter culture, coagulant, and cheese milk composition are also significant for a desired 

cheese type (Holsinger et al., 1995; Fox et al., 2000).  

Salting. Although salt affects syneresis, it does not control the moisture content of 

a cheese product, because the cheese type essentially determines the amount of water 

retained. Salt plays a critical role during ripening, where it controls water activity, 

microbial growth and activity, enzyme activity, and physicochemical changes in the 

cheese proteins, thereby influencing the texture of a cheese product (Holsinger et al., 

1995; Fox et al., 2000). 

Ripening. Many biochemical changes occur in cheese during ripening, including 

proteolysis, lipolysis, and glycolysis. Proteolysis, biochemical changes caused by 

proteinases, is considered to be the principal ripening reaction and is related to the 

rheological properties of cheese (Holsinger et al., 1995; Fox et al., 2000). An elongated 
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storage (ripening) usually results in a softer cheese (Ak and Gunasekaran, 1996; 

Rosenberg et al., 1995). Ripening is thus important for obtaining desired flavor and 

texture. 

Cheese matrix. Natural cheese from renneting is essentially a calcium phosphate-

paracasein matrix (Fig. 2). The integrity of the matrix is maintained by various 

interactions between paracaseins. Fat globules, moisture and dissolved substances, and 

enzymes (e.g. residual rennet and proteinases from starter and nonstarter 

microorganisms) exist in the pores of the matrix. A dynamic equilibrium exists for the 

concentration of calcium and phosphate between the paracasein matrix and cheese serum. 

This equilibrium is influenced by pH and other factors, such as the concentration of 

sodium ions in the serum (Holsinger et al., 1995; Fox et al., 2000). Controlling these 

physicochemical conditions during cheese manufacturing is essential for a good quality 

product. 

  

Processed cheese products and manufacture 

Processed cheese products are made indirectly from milk and are thus different 

from natural cheeses. Besides natural cheeses, other ingredients may be a part of 

processed cheese products, including skim milk, water, butter oil, casein, caseinates, 

vegetable oils, vegetable proteins, emulsifying salts and other minor ingredients (Fox et 

al., 2000). Compared with natural cheeses, processed cheese has the following features: 
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(1) greater variety of products to meet different functional properties (e.g. slice-ability, 

melt-ability, and flow-ability), resulting from adjustable formulae, processing conditions, 

and packaging formats; 

(2) lower cost because of the addition of cheaper ingredients; and  

(3) elongated shelf-life due to minor changes during storage (Fox et al., 2000; Carić and 

Kaláb, 1993).  

The production of processed cheese products starts from the selection of natural 

cheeses, and a mix of various natural cheeses are usually blended to achieve desired 

flavor and texture. As mentioned previously, natural cheeses vary in flavor and texture 

when subjected to different ripening time, and the quality of processed cheese can thus be 

manipulated by selecting different proportions of young and mature cheeses. Young 

cheeses have bland tastes and are used at higher amounts for products requiring a firm 

texture and good slice-ability. On the other hand, mature cheeses have sharp flavors, 

good flow and melt behavior. Selected natural cheeses are shredded prior to addition to 

the cheese blend to promote contact with other ingredients during processing (Carić and 

Kaláb, 1993). 

Among the added ingredients in a cheese blend, emulsifying salts, such as sodium 

citrates and various types of sodium phosphates, are of critical importance for processed 

cheese products. Emulsifying salts sequester calcium ions in the paracasein, 

disintegrating paracasein into smaller units. The protein network is thus converted from 

calcium paracasein to sodium phosphate paracaseinate, which distinguishes processed 

cheeses from natural cheeses. The extent of this conversion depends on the 
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concentrations and types of emulsifying salts, pH, buffering capacity, and processing 

conditions (Fox et al., 2000). 

The blend is then processed at an elevated temperature by direct or indirect steam 

with constant agitation. Processed cheese types dictate the temperature and duration of 

processing. For example, blends for processed cheese blocks are agitated at 80 to 85 °C 

for 4 to 8 minutes, while blends for making slices are processed at 78 to 85 °C for 4 to 6 

minutes (Carić and Kaláb, 1993). A proper combination of processing time and degree of 

agitation is necessary for a good quality processed cheese (Carić and Kaláb, 1993; Glenn, 

2002). 

After processing, the molten blend is packaged according to product 

specifications, blocks and slices are the two most common products. Packed products are 

then cooled at different schedules for different applications. For example, processed 

cheese spreads are cooled as fast as possible, while processed cheese blocks are cooled 

much slower to harden the product (Carić and Kaláb, 1993). During cooling, fat 

crystallizes, and casein forms a continuous network. The new matrix formed during 

cooling is thus influenced by the solidification (crystallization) of fat, protein-protein 

interactions, and the interactions between protein and fat (Fox, et al., 2000).  

 

Factors influencing the functionality and microstructure of processed cheese  

Functional properties of cheese may be defined as “those rheological, 

physicochemical, microstructural, and organoleptic properties that affect the behavior of 

the cheese in food systems during preparation, processing, storage, cooking, and/or 
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consumption and that therefore contribute to the quality and organoleptic attributes of the 

food in which cheese is included (Fox et al., 2000).” Processed cheeses is manufactured 

by blending ingredients and controlling processing conditions to improve the functional 

properties of natural cheeses, including melt-ability, flow-ability, oiling-off during 

cooking, flow-resistance, slice-ability, chewiness, apparent viscosity, and stretch-ability 

(Fox et al., 2000). 

Processed cheese functionality and microstructure are determined by factors 

derived from both formula and production conditions, including casein content, state of 

casein emulsification, fat, moisture, emulsifying salts, and physicochemical state of the 

components (Shimp, 1985; Fox et al., 2000). 

Casein content. Even though the absolute amount of caseins in a natural cheese is 

determined by the volume of milk used, the concentration of aggregated caseins is 

determined by the cheese-making process. For example, at a higher casein concentration, 

more linkages are created in a cheese matrix, strengthening the network. 

State of casein emulsification. Sequestering calcium within casein micelles is 

affected by many factors, such as the amount of calcium present in a micelle, pH of the 

blend, the age of cheeses, and the temperature during processing. A higher amount of 

calcium decreases casein solubility due to a stronger binding of calcium-sensitive caseins. 

Cheese pH affects protein configuration. At certain pH values (closer to the pI), proteins 

fold into spheres and minimize interactions with surrounding phases, lowering protein 

solubility. Proteolysis during aging tends to fragment proteins, having an unclear effect 
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on emulsification; and extensive heating tends to damage proteins, lowering emulsifying 

abilities (Shimp, 1985; Fox et al., 2000). 

Fat. Size distribution of fat globules and the physical state of fat affects the 

processed cheese texture and functionality. When the surface area of fat globules is so 

large that proteins are insufficient to cover the oil/water interface, the protein/fat ratio is 

important for the cheese matrix strength and melt-ability (Shimp, 1985; Fox et al., 2000).  

Moisture. The moisture content of a cheese product is mostly determined by the 

desired cheese type and achieved during the dehydration process. Generally, a product of 

lower moisture content is firmer due to a relatively higher solids concentration. On the 

other hand, moisture content influences the microbial activity during ripening of a 

product, thereby affecting the cheese functionality (Shimp, 1985; Fox et al., 2000). 

Emulsifying salts. These salts are not fat-soluble and do not directly interact with 

the hydrophobic regions of proteins. Strictly speaking, these salts do not emulsify fats. 

Emulsifying salts, such as tetrasodium pyrophosphate, sodium aluminum phosphate, 

trisodium citrate, and disodium phosphate, have the tendency to sequester calcium ions, 

including those in paracasein. Emulsifying salts either remove calcium with sodium or 

bind to the calcium complex. As a result, the solubility of casein increases, as well as the 

emulsifying power. Emulsifying salts differ in their ability to sequester calcium ions, 

thereby affecting the emulsifying ability of caseins. Fat globule size distribution therefore 

depends on emulsifying salts types and concentrations, which subsequently influences 

processed cheese texture and melting properties (Shimp, 1985; Fox et al., 2000). 
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Physicochemical state of the components. The physicochemical state of fat and 

paracasein also impacts the functionality of processed cheese. The degree of hydrolysis 

during renneting affects the paracasein matrix formation. The structure of the matrix also 

changes during ripening, including micelle rearrangement and proteolysis. Besides the 

state of casein matrix, the level of fat coalescence and solid fat parameters (proportions of 

fat crystals at different polymorphs) are important parameters in cheese texture and 

melting properties. Fat globule size influences the firmness of a final product and the 

amount of “free-oil” when cooked. Increasing the concentration of emulsifying salts and 

processing temperature decreases fat globule sizes and increases the firmness (Shimp, 

1985; Fox et al., 2000). An elongated processing time for a given formula also creates a 

firmer, more elastic, and less flow-able product (Glenn, 2002). 

 

Rheological methods in cheese science 

 Rheological measurements for cheese may be classified into three main types: 

empirical tests, small-amplitude oscillatory tests, and large-amplitude tests. 

Empirical tests. Often used by cheese graders, empirical tests are based on the 

application of a force to the cheese, while monitoring the corresponding deformation. 

These tests do not determine fundamental rheological properties. Pressing a probe into 

cheese or cutting cheese with a knife while measuring magnitudes and rates of sample 

deformation are examples of empirical texture tests (Fox et al., 2000). The Texture 

Profile Analysis (TPA) has been used to simulate two consecutive bites in the mouth. The 
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TPA is a series of compression tests, and the results are used to quantitatively describe 

sensory parameters such as hardness and chewiness (Steffe, 1996).  

Large-amplitude tests. These tests allow the determination of a stress required to 

fracture a cheese at a given strain rate. The test conditions may be designed to simulate 

treatment conditions of a specific application, such as mastication or size-reduction 

processes (Fox et al., 2000). Torsion and compression tests are frequently used large 

strain tests to evaluate textures of cheese due to a correlation between instrumental and 

sensory measurements (Benedito et al., 2001; Hort and Grys, 2000). 

Small-amplitude oscillatory tests. Cheese is a semi-solid product possessing both 

viscous and elastic properties. Small-amplitude oscillatory tests allow the quantitative 

determination of viscoelastic characteristics (Fox et al., 2000) and can give consistent 

results with other approaches such as TPA in predicting the sensory properties of cheese 

(Drake et al., 1999). By using a small deformation test, valuable information during a 

process can be acquired without disturbing sample structure, such as gel point 

identification, protein denaturation, starch gelatinization, and structure development 

(Steffe, 1996). 

The term “viscoelasticity” is used when a material demonstrates properties within 

two extremes: purely elastic and purely viscous. A pure elastic material obeys Hooke's 

law: stress is proportional with strain, and the proportionality constant is independent of 

the rate of strain. Materials displaying this behavior are called elastic solids. The other 

extreme obeys Newton's postulate: the stress is proportional to the strain rate, and the 

proportionality constant is also independent of strain. Materials demonstrating this 
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behavior are called Newtonian fluids. When energy is applied to an elastic solid, the 

energy is completely stored. In other words, the material will completely recover after 

deformation. As for viscous liquids, the energy is completely dissipated as heat, and the 

material will not recover. Any material behaving between these extremes is called a 

viscoelastic material. When energy is applied, a portion of the energy is stored and can be 

recovered, while the remaining energy dissipates as heat and can no longer be recovered 

(Ferry, 1980). 

When using a strain-controlled rheometer for a dynamic test, the material is 

subjected to a sinusoidally varying strain, and the resulting stress is measured (Ferry, 

1980; Steffe, 1996). Assumptions involved in a dynamic test include a constant stress or 

strain throughout the sample, no-slip of sample, sample homogeneity, and measurements 

are performed in the linear viscoelastic regime. 

When introducing a sinusoidal strain (Eq.1), the strain rate can be written as Eq.2, 

( ) ( )tsint o ωγγ =      (1) 

( )tcoso ωωγγ =&      (2) 

where γ is the strain at a corresponding time (t), γo is the magnitude of the sinusoidal 

strain, ω is the oscillatory frequency, and γ&  is the strain rate. Within a linear viscoelastic 

region, the stress (σ) can be correlated to the shear modulus (G = σ ⁄ γ) and shear rate by 

( ) ( ) 'dt't'ttG)t(
t

  
-
∫
∞

−= γσ &      (3) 

where t' is the past time and t is the current time. 

After transforming s = t – t', the above equation can be written as: 
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where G′ is the storage (or elastic) modulus, and G″ is the loss (or viscous) modulus. 

In a dynamic test, stress is out of phase with strain for a viscoelastic material. 

Defining a phase angle (δ) as the parameter related to the energy lost per cycle divided by 

the energy stored per cycle, stress can also be written in the sinusoidal format as: 

( ) ( )δωσσ += tsint o        (5) 

The expansion of the above equation gives 

( ) ( ) ( )tcossintsincost oo     ωδσωδσσ +=    (6) 

Comparing Eq. (6) and (4), the following equations are derived: 

( ) ( ) ( ) δγσωωω cos/dsssinsG)('G oo== ∫
∞

  
0

   (7) 

( ) ( ) ( ) δγσωωω sin/dsscossG)("G oo== ∫
∞

  
0

   (8) 

In the vector form, the G', G", and δ are intercorrelated, and the complex modulus (G*) 

can be defined as in Eq. 10.  

'G/"Gtan =δ      (9) 

"   Gi'G*G +=       (10) 

In other words, the G' is the in-phase component, and G" is the out-of-phase component. 

The magnitude of G* is then 
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22

o

o      "G'G*G +==
γ
σ      (11) 

 

Scope of work 

 The functionality and microstructure of processed cheese are affected by 

formulation and processing conditions. Cooling is an important process during 

production because the structure formed during cooling determines the quality of a final 

product. The implications of cooling effects on cheese functional properties and quality 

were evaluated. 

 Structure development during cooling at different fixed rates were monitored with 

smaller amplitude oscillatory tests. However, cooling rates within cheese loaves differ 

spatially, and a heat transfer model was needed to predict temperature histories at 

different loaf  locations. The model estimated the average cooling rates in cheese discs 

during melt-ability tests and at sliced planes for slice-ability tests. 

 To interpret cooling mechanisms on processed cheese functionality, fat 

crystallization, protein-protein interactions, and interactions between protein and fat 

should be considered (Fox et al., 2000). Cooling effects on fat crystallization had been 

previously established: faster cooling, smaller fat crystals (Lopez et al., 2002). A larger 

number of smaller fat crystals in a cheese network result in a stronger cheese (Tunick et 

al., 1990). To unveil cooling mechanisms, there was a need to understand protein-protein 

interactions during cooling. 
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 To accomplish this objective, a model rennet casein system was formulated based 

on the work of Dees (2002) and Bowland and Foegeding (1999, 2001). Emulsifying salts 

and rennet casein powder were ingredients selected to simulate a processed cheese. 

Because pH is a dominant factor in casein gel rheology and microstructure (Lucey et al., 

1998), cooling effects were investigated on the model system within and beyond the 

processed cheese pH range for a comprehensive study. Small amplitude rheological tests 

studied the casein gelation at different cooling rates. Furthermore, confocal laser 

scanning microscopy observed the microstructure of the casein network as a function of 

cooling rates. Also, permeability tests differentiated the protein gel compactness after 

cooling at different rates. 

 By studying the functionality of processed cheese as affected by cooling 

conditions, cheese manufacturers can select an appropriate scheme to deliver desired 

quality attributes. Studies on the model rennet casein system provided fundamental 

understandings of casein structure development, as well as how the microstructure and 

functionality can be adjusted with physicochemical conditions. 
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Fig. 1. Submicelle casein model. Filled smaller circles stand for calcium phosphate 

(Ca9(PO4)6) clusters (redrawn from http://www.foodsci.uoguelph.ca/deicon/casein.html).  
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Fig. 2. A schematic illustration of the cheese matrix (re-drawn from Fox et al., 2000) 
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Abstract 

 Texture and functional properties of processed cheese are affected by a final 

production step – cooling. Cooling effects were quantified with rheological data during 

cooling at four rates (0.5, 0.1, 0.05, and 0.025 °C/min), and the results were consistent 

with industrial observations: slower cooling yields a firmer cheese. To simulate industrial 

production, five-pound cheese loaves were cooled at an ambient temperature of 5 °C 

under free and forced convection. Slice-ability was estimated by cutting loaves at 

different locations using a wire-cutting device attached to a universal testing machine, 

and melt-ability was determined by the Schreiber method. To describe the properties as a 

function of cooling schedule, the average cooling rates were estimated from a heat 

transfer model to account for the temperature variations with cheese loaf location. 

Cooling rates did not show a large difference within the five-pound loaf, and no obvious 

trends in slice-ability and melt-ability were observed. Cheese loaves cooled with forced 

convection had a slightly faster cooling rate. Comparing the forced with free convection, 

a smaller force was required to slice the cheese, and a higher melt score was observed at 

the same loaf position for those cheeses cooled at the faster rate. Cheese manufacturers 

can benefit from this research by understanding the impact of cooling schedules on the 

textural attributes of processed cheese.



 26

Introduction 

 Cheese is a dairy product made by the steps of acidification, coagulation, 

dehydration, shaping, and salting. Chemical and physical properties of young, or 

unripened, cheeses are affected by the origin and type of milk, acidity, coagulation, and 

degree of dehydration. Complex biochemical changes, including proteolysis, lipolysis, 

and glycolysis, continue during cheese aging, or ripening, and the subsequent flavor and 

texture developments are influenced by moisture content, salt concentration, and 

microflora (Fox et al., 2000). 

 The quality of cheese products can be evaluated by many functional properties 

that determine the behavior of cheese during preparation, processing, storage, cooling, 

and consumption (Fox et al., 2000). Melt-ability, flow-ability, oiling-off during cooking, 

and slice-ability are terms describing cheese functionality, and the criteria for each term 

differ with cheese type. For example, melt-ability, stretch-ability, amount of free-oil, and 

browning are important for Mozzarella cheese (Rowney et al., 1999).  

Processed cheese improves the functional properties of natural cheeses by 

blending ingredients and controlling processing conditions (Fox et al., 2000). The 

production of processed cheese typically starts with comminuting natural cheeses, 

followed by blending with other ingredients, e.g. emulsifying salts, processing the blend 

with thermal treatment, hot filling, portioning, packaging, and finally cooling (Fox et al., 

2000). Processed cheese quality is therefore derived from both formulae and processing 

conditions.  The age and type of natural cheeses, protein/fat ratio, pH, moisture, amount 

and type of the emulsifying salts, and whey protein concentration are possible factors 
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influencing cheese functional properties (Shimp, 1985). As far as processing conditions 

are concerned, a proper combination of mechanical history (agitation time and rate), 

thermal history (temperature and time), and cooling history is needed to produce a 

product with desired functional properties (Glenn, 2002; Fox et al., 2000; Carić and 

Kaláb, 1993). 

As cooling is a final stage during processed cheese production, the microstructure 

of the product formed during cooling impacts the final product quality. Industry has 

observed that a faster cooling yields a softer product (Carić and Kaláb, 1993). However, 

there is a need to evaluate the implications of cooling effects on cheese functional 

properties and quality.  

Many tests used to evaluate cheese functionality are empirical, and the test 

conditions vary widely. Efforts have been made to objectively measure these properties 

(Cavella et al., 1992; Wang et al., 1998). For processed cheese, texture profile analysis 

has been applied to describe springiness, cohesiveness, chewiness, gumminess, 

adhesiveness, hardness (Awad et al., 2002), and firmness (Swenson et al., 2000). 

Empirical methods still dominate from a convenience perspective, and the results 

typically coincide with consumer observations (Muthukumarappan et al., 1999).  

The objectives of this research were first to quantify rheological properties of 

processed cheese during cooling at different rates and then to study the cooling effects on 

specific cheese functional properties. To fulfill the second objective, five-pound cheese 

loaves were used to simulate industrial production, and slice-ability and melt-ability were 

determined at different locations within the loaf. A heat transfer model was developed to 
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predict the temperature history during cooling and to express cooling rates at precise 

locations inside the loaf. Cheese manufacturers will benefit from this study by tuning 

cooling conditions to help manufacture a product with improved functional attributes.  

 

Heat transfer model and cooling rate expression 

Heat transfer analysis 

Under the experimental conditions used in this research, a processed cheese loaf 

in a rectangular container was incubated in air at a constant temperature. Convective heat 

transfer first occurred between air and the container outer surface, followed by the 

subsequent conduction through the container wall and into the cheese loaf. After applying 

the following assumptions: 

(1) constant and uniform convective heat transfer coefficient between air and container, 

(2) constant thermal conductivity of container and cheese, 

(3) negligible contact resistance between container and cheese 

(4) constant specific heat of cheese during cooling, 

(5) no heat generation inside cheese loaf, and 

(6) strict symmetry of cheese loaf with respect to the center, 

the governing transient conduction equation within a cheese loaf was written as (Bird et 

al., 2002): 
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where T is the absolute temperature, x, y, z are three coordinates in a Cartesian coordinate 

system, t is the time, and α is the thermal diffusivity of cheese defined as: 

pc
k
 ρ

α =      (2) 

where k, ρ, and cp are the thermal conductivity, density, and specific heat of cheese, 

respectively. 

For the cheese loaf of given length (2L), width (2W), and height (2H), the 

following boundary conditions were applied: 
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where T∞ is the ambient air temperature, h is the convective heat transfer coefficient 

between air and container, s is the thickness of container wall, and k′ is the thermal 

conductivity of the container wall. 

When cooling from a uniform initial temperature Ti, the initial condition was 

written as: 

HzH,WyW,LxLtTT i     - and         -         - 0,  when   ≤≤≤≤≤≤==   (9) 

A dimensionless temperature was defined as, 
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Separation of variables followed (Incropera and DeWitt, 1996), 

)t,z(Z)t,y(Y)t,x(X)t,z,y,x( ⋅⋅=θ    (12) 

where X, Y, and Z is the dimensionless temperature as a function of a specific coordinate 

(x, y, or z) and time only: 
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The temperature in a three-dimensional object is the product of three one-

dimensional solutions for an infinite slab of thickness of 2L, 2W, and 2H obeying the 

one-dimensional transport equation as (Incropera and DeWitt, 1996): 
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These partial differential equations are commonly solved by further separating 

each temperature into one variable, depending on time and the other on coordinate only. 

Therefore, the solutions are similar for each coordinate (Incropera and DeWitt, 1996). 

Further transformations of independent variables or constants may be used: 

L
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After several steps, the solutions may be written in the form of series: 
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where the eigenvalues, λm, ςn, and ξj, are the positive roots from Eq. (29), (30), and (31), 

respectively. The first five roots used were adapted from literature (Myers, 1987). 

λ tan(λ) – L/A = 0     (29) 

ς tan(ς) – W/A = 0     (30) 

ξ tan(ξ) – H/A = 0     (31) 

Average cooling rate expressions for an inclusive space or a plane 

 Cooling rate may be defined as the differential of temperature with respect to 

time. Accordingly, this definition yields a cooling rate dependent on both space and time 

within a cheese block. 
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When expressing the functionality of processed cheese, the slice-ability may be 

measured by quantifying the amount of energy expended while shearing a wire through a 

loaf, and the melt-ability may be described as how well a cheese disc flows or spreads 

when heated (Muthukumarappan et al., 1999). These properties are integrated parameters 

from an inclusive space or plane. An expression of average cooling rate is thus needed to 

account for spatial variations during a cooling process. An average cooling rate (CR) in 

an inclusive space during a cooling process may be evaluated as: 

( )
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and specifically for a plane at a distance x from the loaf center, the expression may be 

written as: 
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    (33) 

 If the heat transfer model predicts satisfactory temperature histories within a 

cheese loaf, the above equation can be used to estimate the average cooling rate for the 

two-dimensional slice plane within the loaf. The slice-ability and melt-ability can thus be 

expressed as a function of a location-dependent cooling rate. 
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Materials and methods 

Materials 

 Processed cheese samples (American yellow) were donated by the Land-O-Lake, 

Inc. (Minneapolis, MN). Cheeses, packed into five-pound loaves and produced from the 

same batch, were directly acquired from manufacturing plants. To isolate cooling effects, 

simplify the experiments, and improve the consistency, cheese loaves were used without 

further processing. 

Small amplitude rheology 

During rheological tests with cheese, slip is a common problem due to a high fat 

content. For parallel plate geometry, adhesives (Sutherrawattananonda and Bastian, 1998; 

Nolan et al., 1989; Tunick et al., 1990), serrated plates (Sutherrawattananonda and 

Bastian, 1998; Rosenberg et al., 1995; Yun et al., 1994; Nolan et al., 1989), and sand 

paper (Subramanian and Gunasekaran, 1997a,b; Nolan et al., 1989) were possible 

approaches to handle slip, and serrated plates were determined to give the most consistent 

data. Therefore, a serrated couette assembly was used throughout this work. The bob had 

an outer diameter of 2.5 cm, and the cup had an inner diameter of 2.7 cm. 

The small amplitude oscillatory tests were performed with a Bohlin VOR 

rheometer (Bonlin Reologi, Inc., Cranbury, NJ). Initially, 14.00 grams of cheese sample 

was loaded into the cup, and the opening was covered with parafilm to minimize 

moisture loss. Once the rheometer water bath was heated to 80 °C, the cup with sample 

was loaded and incubated for 6 min at 80 °C to melt the cheese. The film was removed, 

and the bob was lowered into the measurement position. Excessive sample was removed, 
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a mineral oil layer was applied to the sample surface, and a cap was placed on the cup to 

further minimize moisture loss. The sample was equilibrated at 80 °C for 30 minutes, 

then cooled to 5 °C at four rates (0.025, 0.05, 0.1, and 0.5 °C/min). A frequency of 0.05 

Hz and a 1% strain was applied during oscillation. The 1% strain was well within the 

limit of linear viscoelastic regime. All the items involved in the experiments were 

weighed before and after testing to evaluate moisture losses, and there was no statistical 

difference in moisture loss for different cooling schedules. 

Heat transfer model verification 

Thermal properties and convective heat transfer coefficient determination. 

Thermal conductivity, density, and specific heat of processed cheese were determined by 

a thermal conductivity probe, pycnometer (Model 1305, Micromeritics Instrument 

Corporation, Norcross, GA), and differential scanning calorimeter (DSC7, the Perkin-

Elmer Corporation, Norwalk, CT), respectively. The convective heat transfer coefficient 

at an incubator temperature of 5 °C was estimated by measuring the temperature history 

inside an aluminum cube using the following equation (Singh and Heldman, 2001), 
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∞

∞     (34) 

where T is the tempearture at a corresponding time (t), T∞ is the ambient temperature (5 

°C), Ti is the initial temperature, d, V, ρ, and cp are the width (16 mm), volume, density 

(2707 kg/m3), and specific heat (896 J/kg-K) of the aluminum cube, respectively. 

Model verification. A five-pound, commercial processed cheese loaf was fit into 

the container in Fig. 1 (L × W × H = 28.8 cm × 8.2 cm × 9.2 cm, wall thickness = 5 mm), 
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and 18 thermocouples were used to record temperature histories at 10 minute time 

intervals for different locations inside the block. Thermocouples were positioned at 

combinations of different x, y, and z distances from the loaf center. The cheese loaf was 

equilibrated at an ambient temperature of 50 °C, and the cooling started by instantly 

subjecting the loaf to an ambient temperature of 5 °C. Cooling was stopped after 24 

hours. 

Slice-ability and melt-ability 

The cheese block was cooled at conditions described in the model verification. 

Cooling by forced convection was also studied by using a fan inside the incubator. All the 

tests were performed for two loaves, and the averages of the results were reported. 

Slice-ability of processed cheese was measured by the setup in Fig. 2. A steel wire 

(diameter of 1.0 mm) was driven downwards into the cheese block at a pre-determined 

position using a universal testing machine (Model 1122, Instron Engineering Corp., 

Canton, MA). To minimize temperature effects during slicing, the cheese block was 

sectioned into smaller blocks at a 4 cm width, and the centers of these smaller blocks 

were the pre-determined cutting positions (Fig. 3). Two loaves were used for each 

treatment. For each loaf, one test was performed at the center and two tests at other 

distances from center. The reported data was thus from the average of 2 tests at the center 

and 4 tests at other locations. Samples were stored at 5 °C prior to analysis, and a 

crosshead speed of 10 mm/min (Kamyab et al., 1998) was used to shear through the 

sample.  
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The Schreiber method was used to quantify sample melt (Kosikowski and Mistry, 

1997). In the Schreiber method, melted samples are compared to six lines along a set of 

11 concentric circles with 5mm incremental differences in diameter. The average of the 

six readings is the Schreiber score. A score of 0 corresponds to a circle with a diameter of 

4.1 cm, and an increase of 1 in score corresponds to an increased flow of 5 mm in 

diameter. To improve the accuracy, a modified method counted pixels of digital images 

taken from melted cheese samples (Muthukumarappan et al., 1999; Glenn, 2002).  

Cheese slices were taken from the positions illustrated in Fig. 3, and discs 

(thickness of 0.5 cm and diameters of 4.1 cm) were cored from the slice center. The 

average of two discs taken from each side of the slicing position was treated as the melt-

ability for that location in the block. A Thelco Model 28 convection oven (Precision 

Scientific, Winchester, VA) was preheated to 232 °C, and cheese discs were placed in flat 

aluminum pans and heated at this temperature for 5 minutes. After heating, the pans were 

removed from the oven and cooled at room temperature for 30 minutes. An IBM PC 

camera (IBM North America, White Plains, NY) was used to capture the shapes of 

melted cheese discs. The pixels from a melted area and a reference (a penny area) were 

measured using Scion Imaging software (Beta 4.0.2, Scion Corporation, Frederick, MA). 

The melted area was calculated by the relative pixels to the reference and then converted 

to the Schreiber scores by using the area standards corresponding to the traditional 

Schreiber method (Kosikowski and Mistry, 1997). 
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Results and discussion 

Rheological data 

 Storage moduli of processed cheese during cooling at four different rates are 

presented in Fig. 4. At a temperature higher than 40 °C, storage modulus was 

comparatively small. At a temperature below 40 °C, storage modulus increased during 

cooling as a result of fat crystallization and protein network formation (Fox et al., 2000). 

Data from different cooling rates demonstrated that a slower cooling rate produced a 

higher storage modulus i.e., a firmer cheese. Rheological measurements were therefore 

consistent with industrial observations (Carić and Kaláb, 1993). During cooling, the data 

showed two regimes with a transition occurring between 18 and 20 °C. This transition 

occurred at a higher temperature during a slower cooling schedule, and the changing 

patterns for this transition were the same as the fat crystallization temperatures during 

cooling at different rates: faster cooling, lower transition temperatures. The transition 

temperatures at cooling rates of 0.1 °C/min (~ 20 °C) and 0.5 °C/min (~ 18 °C) were 

almost the same as those at the second exotherm obtained from differential scanning 

calorimetry (Lopez et al., 2002). 

 During processing at an elevated temperature, the added emulsifying salts 

disintegrate the casein micelles into smaller units (Fox and McSweeney, 1998), 

increasing protein emulsifying properties and reducing free oil during melting. During 

cooling, fat crystallization, protein-protein interactions, and protein-fat interactions are 

important aspects for forming structure (Fox et al., 2000). A faster cooling rate creates 

more, smaller fat crystals (Lopez et al., 2002), and more, smaller fat crystals correspond 
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to a harder cheese (Tunick et al., 1990). On the other hand, casein structure formation 

occurs before fat crystallization and is more uniform at a slower cooling rate. Fat is 

included within the casein matrix, contributing to fat-protein interactions. A firmer 

cheese may result when the casein matrix confines the space for fat crystallization. 

Heat transfer model verification 

Thermal properties and convective heat transfer coefficient. Thermal conductivity 

of processed cheese was determined to be 0.294 and 0.257 W/m-K at 85 and 25 °C, 

respectively. To simplify calculations, temperature dependence was neglected and the 

average at these two temperatures (0.276 W/m-K) was adopted. A slight increase in 

thermal conductivity with temperature was also reported by Tavman and Tavman (1999), 

who reported a thermal conductivity of Cheddar cheese of 0.345 and 0.351 W/m-K at 15 

and 30 °C, respectively. Density of processed cheese was determined to be 1107 kg/m3. 

Specific heat during cooling at a rate of 1 °C/min is presented in Fig. 5, and a constant 

value of 3.0 kJ/kg-K was used during model verification. The convective heat transfer 

coefficient at an ambient temperature of 5 °C was estimated to be 25.5 W/m2-K for free 

convection and 47.6 W/m2-K for forced convection. A thermal conductivity of 0.271 

W/m-K was found in literature (Zhang et al., 2000) for the polycarbonate board 

container. 

Model verification. Using the aforementioned parameters and the first five 

eigenvalues (Myers, 1987), temperatures at different locations within the cheese loaves 

cooled were calculated during cooling. Examples are shown in Fig. 6a for the 

temperature histories at the cheese loaf center and corner (12.7, 3.8, and 3.8 cm away 
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from the loaf center at x, y, and z directions, respectively) during free convection cooling. 

The actual temperatures during cooling were also plotted in Fig. 6a for these locations. 

The predictive model had a good fit for loaf corner, but showed deviations for the loaf 

center at temperatures below 20 °C. This discrepancy corresponds to the primary peak in 

the specific heat plot (Fig. 5). Most likely, this deviation originated from the phase 

change (crystallization of milk fat) during cooling. The crystallization is an exothermic 

process, resulting in a slower actual temperature decrease than the values predicted 

without a phase change. At the corner, the heat was removed faster, and the effects on 

temperature were smaller. The model accuracy during forced convection  (Fig. 6b) was 

similar to that without a fan. Nevertheless, the model was adequate to describe cooling 

histories at different locations and estimate the average cooling rates for the functionality 

studies.  

Cooling rate estimation 

 As described in the experimental section, the slice-ability and melt-ability were 

representative measurements from the plane sliced. When expressing these two properties 

as a function of cooling rate, average cooling rates of slicing planes at different distances 

from the loaf center were calculated from Eq. (33) by fixing x (x = 0, 4, 8, and 12 cm). 

The halves of width (W) and height (H) of the container were used for the lower and 

upper limits of y, and z, respectively. Cooling rate was also averaged for the period of 

cooling. After combining Eq. (26), (27), and (28) with Eq. (33), equation (35) was used 

as the simplified format for cooling rates (in °C/min) at the slicing planes.  
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where t was the cooling time in the unit of minutes, f(λm), p(ζn), and q(ξj) were from Eq. 

(26) to (28) in the forms of 
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The first five eigenvalues created 125 terms from Eq. (35), and the results after 

summation are presented in Table 1. Cooling rates did not show statistical differences 

within cheese loaves (P < 0.05). However, at the same loaf location, cooling rate was 

greater for forced convection compared with free convection during the initial cooling 

period. 

Slice-ability 

Fig. 7 and 8 show the force required for cutting through different loaf locations 

from the surface. The total wire traveling distance (5.4 cm) was greater than half of the 

loaf height (4.6 cm). Fig. 7 is the case for free convection, and Fig. 8 is from the loaves 

cooled with forced convection. In each of these treatments, the forces for cutting were 

similar at different positions along a cheese loaf, although the forces were typically 
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smaller at a distance closest (12 cm from the center) to the edge. The cooling rates 

presented in Table 1 do not demonstrate a trend along the distance away from the center 

even though the cooling rate was highest at a distance of 12 cm from the loaf center. 

The forces were at the vicinity of 18 N (Fig. 7) for cooling with free convection 

and were always less than 18 N (Fig. 8) for cooling with forced convection. Cooling rates 

in Table 1 illustrate a slightly higher magnitude during cooling with a fan. From the small 

strain rheology (Fig. 4), a faster cooling created a softer cheese, which required a smaller 

stress when cutting. The wire cutting results were consistent with rheological data. 

Melt-ability 

 Fig. 9 presents the Schreiber scores from cheese discs made from the positions 

shown in Fig. 3. The Schreiber scores were the averages from 4 discs at the center and 8 

discs at other positions. No trend was observed for the Schreiber scores in the same loaf 

cooled by free and forced convection. While the Schreiber scores were higher at the same 

position for the loaves cooled with forced convection (faster) than that with free 

convection. Again, the lack of significant difference in cooling rates (Table 1) within a 

loaf may be responsible for the observation. 

 From rheological data, cheese cooled faster is softer (Fig. 4) and displays a better 

melt (Fig. 9). When exposed to an elevated temperature, milk fat melts, protein network 

disintegrates, and cheese flows due to thermal stresses. For a softer cheese, structure is 

weaker, and thermal stress moves melted cheese to a further degree because less energy 

is needed to break the structure. A better melt-ability was also observed by Kuo et al. 

(2001) for Cheddar and Mozzarella cheeses with elongated storage, during which cheese 
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becomes softer due to proteolysis (Ak and Gunasekaran, 1996; Subramanian and 

Gunasekaran, 1997a,b). Melt-ability is thus a function of both chemical and physical 

parameters.  

Implications to cheese manufacturers 

 Firmness and melt-ability are two important functional criteria when 

manufacturing processed cheeses. These two properties can be manipulated by changing 

formulations including appropriate types and ages of natural cheeses, pH, emulsifying 

salt types and concentrations, and protein/fat ratio (Shimp, 1985). When the composition 

is not adjustable, changing processing parameters e.g. cooling rates provides another 

approach in modulating cheese texture. 

The dimensions of five pound cheese loaves did not result in a big effect on 

cooling rates at the experimental conditions used in this work. However, in the real 

industrial production, cheese blocks could be as large as three to four hundred kilograms 

that required a cooling as long as 7 days (Reinbold and Ernstrom, 1988; Reinbold et al., 

1992a,b). Cooling rates within a large block would have a wide distribution, yielding 

texture differences inside the block. When melt-ability is important, the block dimension 

can be shrunk to achieve a faster cooling and thus a better melt. By doing this, the cheese 

manufacturing can be accelerated, improving production capacity, speeding material 

flow, and saving storage space. 
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Conclusions 

 Using dynamic tests, storage moduli during cooling at different rates showed the 

same trend as industrial observations: a slower cooling, a firmer cheese. To illustrate 

cooling effects on cheese functionality, a heat transfer model was derived and verified for 

the thermal histories within cheese loaves during cooling at a constant temperature. The 

model fit the experimental data well and enabled the estimation of average cooling rates 

that integrated the variations at different locations during cooling. The average cooling 

rates were similar within a 5 pound cheese loaf, generating a similar texture within the 

block. When cutting cheese loaves with a wire and testing the melt-ability at the sliced 

position, no trend was observed for the Schreiber scores and the forces required for 

cutting. For the forced convection treatment, a smaller force was required for cutting, and 

a better melt was observed. Wire-cutting results were consistent with rheological data, 

and a softer cheese yielded a better melt. 
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Table 1. Theoretical average cooling rates at the slicing planes within cheese loaves at different cooling times 

 
Average cooling rate (°C/min) at a distance, x, from the loaf center 

x = 0 cm x = 4 cm x = 8 cm x = 12 cm Time (h) 

With fan No fan With fan No fan With fan No fan With fan No fan 

0.5 -1.29 -1.22 -1.10 -1.09 -0.95 -0.91 -0.98 -0.88 

1 -0.80 -0.78 -0.69 -0.70 -0.62 -0.60 -0.67 -0.62 

2 -0.42 -0.41 -0.37 -0.37 -0.35 -0.34 -0.40 -0.37 

4 -0.20 -0.20 -0.18 -0.18 -0.18 -0.18 -0.21 -0.20 

8 -0.10 -0.10 -0.09 -0.09 -0.09 -0.09 -0.11 -0.10 

12 -0.07 -0.07 -0.06 -0.06 -0.06 -0.06 -0.07 -0.07 

16 -0.05 -0.05 -0.05 -0.05 -0.05 -0.05 -0.05 -0.05 

20 -0.04 -0.05 -0.04 -0.04 -0.04 -0.04 -0.04 -0.04 

24 -0.03 -0.03 -0.03 -0.03 -0.03 -0.03 -0.04 -0.03 
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Fig. 1. The incubator, container, and thermocouple system used for this study 
 

Programmable
Incubator 

Container

Thermocouples



 47

 
 
 
Fig. 2. The wire-cutting setup 
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Fig. 3. Positions used during the slice-ability and melt-ability tests. Numbers are in length units of centimeters. 
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Fig. 4. Storage moduli of processed cheese during cooling at different rates 
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Fig. 5. Specific heat of processed cheese during heating from 5 to 80 °C at a rate of 1 °C/min 
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Fig. 6a. Experimental and predicted temperatures at the loaf center and corner during cooling at an ambient temperature of 5 °C 
 with free convection 
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Fig. 6b. Experimental and predicted temperatures at the loaf center and corner during cooling at an ambient temperature of 5 °C 
 with forced convection 
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Fig. 7. The force required to slice cheese at various positions of a cheese loaf when cooled at an ambient temperature of 
 5 °C without a fan 
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Fig. 8. The force required to slice cheese at various positions of a cheese loaf when cooled at an ambient temperature 
 of 5 °C with a fan
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Fig. 9. Schreiber scores at different loaf positions when cooled with or without a fan 
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Abstract 

Cooling is an important process during processed cheese production, and the 

cheese network formed during cooling determines final product texture. A model rennet 

casein system was studied to unveil cooling effects on processed cheese. During cooling, 

casein network structure develops at different length scales: molecules, particles, flocs, or 

network. Rennet casein flocs are fractal in nature, and fractal dimension and floc size are 

two variables affecting the rheology and microstructure of a rennet casein gel. Casein 

structure formation during cooling from 80 to 5 °C at four different rates (0.5, 0.1, 0.05, 

and 0.025 °C/min) was monitored by dynamic rheological tests. A stronger gel developed 

at a slower cooling rate. During different cooling schedules, similar fractal dimensions 

were observed due to lack of difference in the colloidal interactions. Differences among 

rheological data were caused by variability in floc size, as verified in the second part of 

this paper. A larger number of smaller-sized flocs enabled the gelation at a higher 

temperature and created a stronger network at a slower cooling rate. Through a physical 

understanding of protein gelation and microstructure formation, the texture of processed 

cheese may be further manipulated by controlling cooling schemes, providing a potential 

reduction in cooling time and thus an increase in production capacity.
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Introduction 

 Casein consists of approximately 80% of all milk proteins and has four generic 

variances: α, β, κ, and γ (Swaisgood, 1993, 1996). Caseins in milk do not exist as single 

macromolecules but aggregate into micelles. Thousands of casein molecules exist inside 

the micelle even though the manner by which these molecules are structured is still 

debated (Creamer and MacGibbon, 1996; Horne, 1998; Walstra; 1999). Casein molecules 

in the micelle are calcium sensitive, and the structure of casein micelles is maintained by 

the calcium phosphate complexes linking these proteins, possibly in addition to 

hydrophobic interactions (Swaisgood, 1996). The κ-casein is calcium-insensitive and is 

mostly distributed on the outermost space of the micelle, forming a “hairy” layer on the 

surface. The “hairy” layer provides a steric repulsion, stabilizing milk (de Kruif, 1999; 

Tuinier and de Kruif, 2002). 

The steric interaction can be eliminated by lowering pH (in yogurt production) or 

by enzymatic cleavage of the κ-casein layer (renneting process in the natural cheese 

production). As the acidification and renneting processes are critical in forming a wide 

variety of dairy products, many studies have been performed on the casein gels induced 

by acidification (van Marle and Zoon, 1995; Lucey et al., 1997, 1998; de Kruif, 1997; 

Roefs et al., 1990) or renneting (Zoon et al., 1988a,b,c, 1989a,b, 1990; Mellema et al., 

2000, 2002) to understand and control the quality of a final product. 

During natural cheese manufacture, a starter culture is first added to milk. Lactic 

acid bacteria convert lactose in milk into lactic acid, lowering the system pH. Coagulants 

(rennet) cleave the κ-casein layer on the micelle surface, enabling the coagulation of 
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casein micelles and formation of a curd. Upon dehydration, milk is concentrated 

depending on the cheese variety. After shaping, the curd is ripened, at which time the 

cheese flavor and texture develop due to many biochemical changes, including 

proteolysis, glycolysis, and lipolysis (Fox et al., 2000). 

 Processed cheese is an important dairy product in the United States. Applications 

for processed cheese include slices, spreads, and dips. Production of processed cheese 

involves mixing natural cheeses with emulsifying salts at an elevated temperature with 

agitation, followed by cooling (Fox et al., 2000). The added emulsifying salts, e.g. 

disodium phosphate and monosodium phosphate, sequester calcium inside the casein 

micelles, disintegrating casein micelles into smaller units and thereby increasing protein 

solubility (Carić and Kaláb, 1993; Fox and McSweeney, 1998; Bowland and Foegeding, 

2001; Shimp, 1985).  

Cooling is the last stage of processed cheese manufacturing, and a slower cooling 

rate has been observed to generate a firmer cheese  (Carić and Kaláb, 1993). Protein and 

fat are two major components of processed cheese, and fat crystallization, protein-protein 

interactions, and protein-fat interactions are important factors contributing to structure 

formation upon cooling (Fox et al., 2000). A faster cooling rate generates smaller fat 

crystals (Lopez et al., 2002). More, smaller fat crystals correspond to a harder cheese 

(Tunick et al., 1990). Therefore, studies on protein-protein interactions during cooling 

may help interpret the mechanisms by which cooling affects processed cheese 

functionality. 
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The objective of this work was to study casein gelation as affected by cooling 

rates. To fulfill this objective, a model system was formulated to have a composition 

similar to a processed cheese analog (Bowland and Foegeding, 1999, 2001; Dees, 2002). 

Casein powder produced from renneting was used as the protein source, and monosodium 

and disodium phosphates were used as emulsifying salts. Experiments were performed 

with the model rennet casein system cooled at different rates. Fractal theory was used to 

describe protein structure formation, and fractal dimension and floc size were treated as 

two variables potentially affecting the rheology and microstructure of a rennet casein gel. 

The scaling theory developed by Shih et al. (1990) determined the fractal dimensions 

from the rheological data of rennet casein gels of various concentrations and cooling 

conditions. Studies in the second part of this paper describe the microstructure of casein 

network, permitting determination of floc sizes as a function of cooling rates. 

 

Fractal theory and fractal dimension determination 

Structure development of a globular protein system has been proposed to follow 

sequential steps at corresponding length scales: molecules, particles, flocs/aggregates, 

and network (Richardson and Ross-Murphy, 1981; Tobitani and Ross-Murphy, 1997; Le 

Bon et al., 1999; Marangoni et al., 2000). For a heat-set whey protein gel, native proteins 

unfold upon heating, and the unfolded proteins aggregate into particles. Particles then 

aggregate into flocs - aggregates, which form into a three-dimensional network 

occupying the total volume. Microscopy studies on particulate gels showed protein 

aggregates are essentially spherical and much bigger than individual protein molecules 
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(Verheul et al., 1998; Marangoni et al., 2000; Ju and Kilara, 1998a,b). Rennet casein 

network formation during cooling can also be described with three steps: 1) formation of 

particles from aggregated molecules, 2) flocculation of particles into flocs, and  

3) development of network from flocs (Fig. 1). 

Casein flocs are fractal objects that can be partially filled by the constructing units 

(particles), generating a fractal dimension, Df, that can be any value between 0 and 3. In 

this way, fractal dimension can be used to visualize the packing "compactness" of 

building elements: a larger value of Df represents a more compact structure. The size (Rf) 

of such a fractal object scales to the number of particles (Np) by: 

fD
f

p a
RN 






∝       (1) 

where a is the diameter of particles (Bremer et al., 1990, 1993). 

The application of fractal concepts in protein systems is still under development 

(Verheul et al., 1998). Fractal concepts can be used to describe structure of pre-gel 

aggregates and are generally applied up to some length scale (Gosal and Ross-Murphy, 

2000), for example the size of flocs (Marangoni et al., 2000). At a scale larger than a floc, 

the flocs form a “non-fractal” network. 

For a fractal object of a given amount of particles, the scaling equation can be 

interplayed by the floc size and fractal dimension (Eq. 1). In a protein network, protein 

particles are building elements that can be “packed” in two different ways during 

aggregation: different compactness for flocs of similar sizes (Fig. 2A versus 2B) or 

different sizes for flocs of similar compactness (Fig. 2A versus 2C). By increasing the 



 66

particle number in a floc, the fractal dimension increases, and the floc population is 

reduced. By shrinking the floc size, the total number of flocs is greater at a similar degree 

of compactness. 

The aggregation of protein particles is controlled by colloidal interactions. In the 

classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, the interplay between 

repulsive charge-charge interactions and attractive dispersion interactions describes the 

stability of a colloidal system (Verwey and Overbeek, 1948). Once aggregated, particles 

stay at a separation corresponding to the energy minimum (Israelachvili, 1992). In a 

globular protein gel, the interactions are usually beyond the DLVO forces. The 

complexity arises from complicated short-range, non-DLVO forces like hydration forces, 

hydrogen bonding, and hydrophobic interactions. The forces mentioned above are called 

physical forces to distinguish them from covalent bonds. The gels formed by physical 

forces, e.g. rennet casein gels, are called physical (particle) gels, and chemical (polymer) 

gels involve covalent bonds (Ross-Murphy, 1995). 

Particle gels and polymer gels are similar, as flocs in a particle gel are analogous 

to “blobs” in a polymer gel (Shih et al., 1990). Based on this analogy, Shih et al. (1990) 

developed a scaling theory following Brown (1987), Buscall et al. (1988), and Kantor 

and Webman (1984), enabling the estimation of a fractal dimension from rheological 

data. This model has been used for a large variety of food systems, e.g. bovine serum 

albumin, β-lactoglobulin, 11S soybean globulin, whey protein isolate, and caseinate gels, 

and the fractal dimensions estimated from the model were similar to those from light 
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scattering and microscopy (Hagiwara et al., 1997a,b, 1998; Ikeda et al., 1999; Vreeker et 

al., 1992b; Marangoni et al. 2000). 

According to this model, a colloidal gel was described as closely packed fractal 

flocs. The links between the flocs were categorized as two regimes: strong-link regime 

(links between flocs being stronger than the links within flocs) and weak-link regime  

(links between flocs being weaker than the links within flocs). The elastic constant (K) 

and the limit of linear viscoelastic regime (LVR - γo) were scaled to volume fraction (φ) 

by Eqs. (2) and (3) for the strong-link regime and Eqs. (4) and (5) for the weak-link 

regime. As substantiated by Eqs. (3) and (5), a decrease in the limit of LVR with an 

increase in volume fraction can be used to identify a system within a strong-link regime, 

while the opposite scenario prevails for a weak-link regime. 

( ) )/(33 fDxK −+∝φ      (2) 

( ) )/(31 fDx
o

−+−∝φγ      (3) 

)/(31 fDK −∝ φ       (4) 

)/(31 fD
o

−∝φγ       (5) 

Here, x is the backbone fractal dimension of the flocs, varying between 1.0 and 1.3. 

 To determine the fractal dimensions of rennet casein gels cooled at different rates, 

small amplitude oscillatory tests were used to collect the rheological data of casein gels at 

four concentrations, each cooled at four different rates. Following cooling, strain sweep 

tests identified the model casein system to be within a strong-link or weak-link regime. 
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Storage moduli were then used to estimate the fractal dimension as a function of cooling 

rate.  

 

Materials and methods 

Materials 

Rennet casein powder was purchased from New Zealand Milk Products (USA), 

Inc. (Lemoyne, PA). The protein content of casein powder was determined by the 

Analytical Services Laboratory (Raleigh, NC) using a Perkin-Elmer PE 2400 CHN 

Elemental Analyzer (Perkin Elmer Corp., Norwalk, CT). Casein powder had a nitrogen 

content of 12.78% and therefore the protein concentration was calculated to be 81.5% 

using a standard conversion factor. Food grade monosodium and disodium phosphates 

were kindly donated by Rhodia, Inc. (Cranbury, NJ), and salt (sodium chloride) was 

purchased from a local vendor. 

Gel sample preparation 

Rennet casein model gels were made according to the formulations in Table 1. 

Deionized water was heated to 50°C, followed by the dissolution of all salts, and solution 

pH was measured to be 7.2. Rennet casein powder was then dissolved into solution with a 

stirring bar rotating at 350 rpm. The sample appeared as a viscous paste at this point and 

formed a gel upon overnight storage in a refrigerator at 5°C. 

Rheological measurements 

Small amplitude oscillatory tests were performed using a couette geometry and a 

Bohlin VOR rheometer (Bohlin Reologi, Inc., Cranbury, NJ). The bob (outer diameter of 



 69

2.5 cm) and cup (inner diameter of 2.7 cm) have serrated surfaces, minimizing issues 

associated with slip. Initially, fourteen grams of sample were loaded into the cup, and the 

opening was covered with wrapping film. Once the rheometer water bath reached 80 °C, 

the cup with the sample was loaded and incubated in the rheometer for 6 min at 80 °C to 

melt the gel. Next, the film was removed, and the bob was lowered into the measurement 

position. Excessive sample was removed, a mineral oil layer was applied to the sample 

surface, and a sealed cap was placed on the cup to minimize moisture loss. The sample 

was equilibrated at 80 °C for 30 minutes, then cooled to 5 °C at four rates (0.025, 0.05, 

0.1, and 0.5 °C/min). A 1% strain and an oscillation frequency of 0.05 Hz were used 

during cooling. Following oscillation, a strain sweep test was performed at a temperature 

of 5 °C and a frequency of 0.05 Hz after equilibrating for 30 min. All samples involved in 

the experiments were weighed before and after analysis to evaluate moisture loss. 

 
Results and discussions 

Rheology data 

 Similarly to the industrial observation of cooling effects on processed cheese, 

casein gels showed a smaller storage modulus (G′) during cooling at faster rates. The 

rheological data for 25% and 18% rennet casein gels during cooling are presented in 

Fig.3, and the trends were the same at the other concentrations (22% and 20%). The 

storage modulus also increased with an increase in casein concentration and a decrease in 

temperature. All strain sweep tests demonstrated a limit of LVR higher than 1% at 

different cooling rates for all concentrations (see Fig. 4 for 25% and 18% rennet casein 

gels).  
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Strain sweep data for 25% rennet casein gels at 5 °C cooled at different rates are 

presented in Fig. 4. Besides a smaller limit of LVR, gels cooled slower showed a higher 

G′. Thus, a slower cooling rate delivered a firmer and more brittle gel. At a strain beyond 

the LVR, all gels displayed the same storage modulus. 

Moisture analyses were not affected by the length of test time at different cooling 

rates, eliminating the possible increase in storage modulus as a result of sample 

dehydration. The differences in rheological properties and protein functionality was 

attributed to microstructural differences induced by the cooling process. 

Fractal dimension of casein flocs 

Except for an apparent limit of linear viscoelasticity at a concentration of 25%, 

the strain sweep tests did not enable the identification of an upper limit to the LVR, as the 

storage moduli of these gels did not decrease at the maximum strain (20%) limited by the 

rheometer (Fig. 4). Therefore, the LVR limit increased with a decrease in concentration, 

and the system was characterized as a strong link regime according to Eq. (3). The fractal 

dimension can therefore be calculated by Eq. (2). The storage moduli of casein gels at the 

end of cooling are presented in Fig. 5 and regressed using a power-law model, similar to 

Ikeda et al. (1999). Similar exponents (~ 6.3) were found at four cooling rates, and the 

calculated fractal dimensions were approximately 2.35 (Table 2). Therefore, the flocs 

within the casein gels had a similar degree of compactness when cooled at different rates. 

Fractal dimensions as determined by colloidal interactions 

Aggregation of colloidal particles is determined by the overall interaction energy 

contributed from different types of forces. Once aggregated, the particles stay at the 
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(primary) energy minimum determined by the minimum separation distance between 

particles (Israelachvili, 1992). The energy minimum determines the life of the aggregate 

and, if not strong enough, may lead to reversibility of the process (Leckband and 

Israelachvili, 2001). If the energy minimum can not be overcome by a process, such as 

heating, the particles can not be separated and the process is irreversible. 

In DLVO theory, the colloidal stability is determined by the interplay of the 

attractive van der Waals forces and repulsive electrostatic interactions (Israelachvili, 

1992). The van der Waals interaction between two identical spheres can be estimated by 

Eq. (6) (Russel et al., 1989), and the electrostatic interaction can be estimated by Eq. (7) 

for a constant surface potential lower than 25 mV (Israelachvili, 1992),  
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where A is the Hamaker constant, a is the particle radius, r is the center-to-center 

distance, σ is the surface charge density, h is the separation between the spheres (h = r - 

2a), κ is the Debye length, and ε and εo are the relative permittivity of solvent and that in 

the free space, respectively. Relative permittivity of water as a function of absolute 

temperature (T) can be expressed as (CRC, 2002) 

( ) 2 00072997.0 79069.021.249 TTT +−=ε    (8) 

 The Hamaker constant of casein is approximately 1 kBT, the product of absolute 

temperature and the Boltzman constant (Tuinier and de Kruif, 2002). The net charge of a 
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casein mixture at pH 7.2 is approximately –12.7, estimated from the Henderson-

Hasselbalch equation by summing charges from all amino acid residues. The Debye 

length was estimated to be 0.28 nm (κ -1 = 3.288 I nm-1, and I is the ionic concentration 

in M), indicating that the electrostatic interaction was significant only at a very short 

separation distance. Using the above parameters, the interactions were calculated as a 

function of separation at 5 and 80 °C (Fig. 6). Van der Waals interaction always 

dominated electrostatic interactions, as estimated for many protein systems at high salt 

concentrations (Tuinier and de Kruif, 2002; Ikeda and Nishinari, 2000, 2001; Petsev and 

Vekilov, 2000), suggesting other types of forces are stabilizing the caseins at high 

temperatures. 

Besides DLVO forces, other forces exist in a protein system, including hydrogen 

bonding, hydrophobic interactions, and hydration forces (Israelachvili, 1992). The 

hydration force is a strong repulsive force resulting from the structure of water molecules 

(Israelachvili, 1992) or during overlapping of hydrated counter-ions on the protein 

surface (Paunov et al., 2001). Experiments have demonstrated an oscillatory repulsive 

hydration force between two rigid and smooth surfaces with a period equivalent to the 

diameter of water molecules (Israelachvili, 1992). The oscillatory repulsive hydration 

force is not applicable to a biosystem whose surface is usually flexible (Israelachvili and 

Wennerström, 1996; Leckband and Israelachvili, 2001). 

Since a protein particle surface has groups protruding into solution, the 

overlapping of these groups from two protein particle surfaces provides a steric-hydration 
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force that stabilizes protein (Leckband and Israelachvili, 2001). The steric-hydration 

force (Whd) is empirically written in a differential decay format (Eq. 9).  

)exp(    3 oBhd /hTkΓW λ−=      (9) 

where Γ is the surface density of protruding molecules. 

The hydration forces originate from a decrease in entropy when two surfaces start 

overlapping, and the characteristic decay length (λo) ranges typically from 0.1 to 0.3 nm 

(Israelachvili, 1992). The selection of Γ in Eq. (9) is empirical (Pestsev and Vekilov, 

2000; Molina-Bolívar and Ortega-Vinuesa, 1999; Beretta et al., 2000; Berli et al., 1999), 

and the thickness of hydrated counter-ions has been proposed as the characteristic decay 

length (Paunov et al., 2001). The aforementioned parameters were also correlated with 

rheological data by Ikeda and Nishinari (2000; 2001), but the estimated hydration force 

was effective at a separation distance up to 25 nm, which was far beyond the range where 

a repulsive hydration force could be effective. 

 Despite the challenges in quantification, the steric-hydration force provides a 

qualitative explanation for the stability of the model rennet casein system, because casein 

molecules are flexible (Andrews et al., 1979; Holt and Sawyer, 1993). At a high 

temperature, the flexible surface provides an entropy-driven repulsive force preventing 

the aggregation of casein particles. A repulsive force was easily generated by adjusting Γ 

in Eq. (9). However, no parameter enabled a straightforward description of the model 

casein system during a cooling process: the overall interaction energy being repulsive at a 

high temperature and attractive at a low temperature.  On the other hand, the repulsive 

force becomes less significant upon cooling, because the motion of the surface is weaker 
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at a lower temperature. At a “critical” temperature, the attractive van der Waals force 

dominates, and protein particles aggregate into flocs and are separated at a distance 

corresponding to the primary energy minimum. 

 The minimum separation distance between casein particles in flocs is determined 

by surface characteristics. For all the system at constant protein concentration, the 

colloidal interaction energies were calculated to be the same at different cooling 

schedules because the samples had the same chemical compositions resulting in similar 

separation distance between particles. This separation distance, together with similar 

particle sizes at identical compositions, determines the compactness of fractal flocs and 

thus fractal dimensions, as determined in the previous section. 

Gelation temperature as affected by cooling rates 

Despite different ways in defining the onset of gelation, a phase angle of 45° is 

commonly applied as a criteria (Ross-Murphy, 1995). After the crossover, storage 

modulus dominates over loss modulus, and phase angle is always smaller than 45°. An 

example of phase angle evolution during cooling is shown in Fig. 7 for 25% rennet casein 

gels, and a decrease in gelation temperature was observed as the cooling rate was 

increased. The trend was the same for all concentrations. As gelation is the indication of 

cross-linking of flocs, cross-linking of flocs occurred at a higher temperature when 

cooled at a slower rate. 

Formation of flocs started at the aggregation of two particles: a doublet, followed 

by the addition of other particles (Russel et al., 1989). At a slower cooling rate, protein 

particles spend more time in the temperature range favorable for doublet formation. More 



 75

doublets were thus formed, providing more sites for floc growth. The completion of floc 

formation occurred at a higher temperature once all protein particles were consumed into 

more, smaller flocs, as demonstrated by higher gelation temperatures during cooling at 

slower rates. 

Cooling rate effects versus aging effects 

At a slower cooling rate, rennet casein systems spent more time after gelation, so 

there was a need to distinguish the aging effect, which is the development of storage 

modulus with time after gelation at a constant temperature (Verheul et al., 1998). To 

address this issue, an additional test was performed by first cooling an 18% rennet casein 

gel at 0.5 °C/min from 80 to 5 °C and subsequent incubation at 5 °C for a total test time 

equaling that used during a cooling rate of 0.025 °C/min. During the incubation at 5 °C, 

storage modulus increased slightly and remained at a final value lower than that cooled at 

0.025 °C/min (Fig. 8). The aging effects were different from the cooling effects, 

otherwise the final storage moduli would be the same if treated for similar cooling 

periods. 

In the second part of this paper, microscopy experiments were performed on the 

gel after incubation at 5 °C. There was no difference in visual appearance, floc size, or 

floc distribution for the gels cooled at 0.5 °C/min with or without incubation. During 

incubation, idle flocs connected to the network, strengthening the gel. Once these flocs 

were integrated into the network, the gel could not be strengthened further. Cooling rate 

therefore affected the floc size, and aging enabled the connection of idle flocs. 
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Conclusions 

 A slower cooling rate generated a stronger rennet casein gel, hypothesized to have 

been caused by a greater degree of cross-linking among flocs. The number of flocs and 

thus cross-links was proposed to be a function of floc fractal dimension and size. Floc 

fractal dimensions were similar at different cooling schedules due to identical 

interactions. A stronger gel at a slower cooling rate resulted from a greater amount of 

smaller flocs (thus more cross-links). Formation of more, smaller flocs was completed at 

a higher temperature during slower cooling, enabling the gelation at a higher temperature 

when connecting individual flocs into a network. Additionally, cooling effects differed 

from aging effects, which demonstrated a slight increase in storage modulus following 

the cooling at a faster rate due to the bonding of idle flocs into the network.  
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Table 1. Formulation for rennet casein gels 

 

Rennet casein concentration (w/w) 
Amount (grams) 

18% 20% 22% 25% 

NaH2PO4 0.60 0.60 0.60 0.60 

Na2HPO4 5.00 5.00 5.00 5.00 

NaCl 4.00 4.00 4.00 4.00 

Casein powder 36.00 40.00 44.00 50.00 

Deionized water 154.40 150.40 142.40 138.40 
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Table 2. Fractal dimension of rennet casein flocs as a function of cooling rate 

 

Cooling rate (°C/min) Fractal dimension 

0.5 2.35 

0.1 2.36 

0.05 2.36 

0.025 2.32 

 



 79

 

Molecules 

Network 

Particles 

Flocs/Aggregates 

~~  nm  
~ 10 nm 

~ µm 

~mm 

Fig. 1. Formation of rennet casein gels 
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Fig. 2. Fractal dimension (A versus B) and floc size (A versus C) effects on a gel structure 
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Fig. 3a. Storage moduli of 18% rennet casein gels during cooling at different rates 
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Fig. 3b. Storage moduli of 25% rennet casein gels during cooling at different rates 
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Fig. 4a. Strain sweep of 18% rennet casein gels at 5 °C cooled at different rates 
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Fig. 4b. Strain sweep of 25% rennet casein gels at 5 °C cooled at different rates 
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Fig. 5. Storage moduli of rennet casein gels at 5 °C cooled at different rates 
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Fig. 6. Interaction energies (W) between casein particles as a function of separation at two temperatures 
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Abstract 

Microscopy and permeability studies were performed to further illustrate the 

cooling effects on rennet casein gel structure and help interpret the rheological 

observations in the first part of this paper. Gels were cooled from 80 to 5 °C at four rates 

(0.5, 0.1, 0.05, and 0.025 °C/min), and the samples were studied with a confocal laser 

scanning microscope. A larger number of smaller flocs were generated at slower cooling 

rates, generating more cross-links within a network, corresponding with a stronger gel. 

Formation of a larger number of smaller flocs was hypothesized to be a result of greater 

doublet formation because the system spent more time within the temperature region 

where doublet formation is favored when cooled at slower rates. The doublets represent 

sites available for floc growth, similar to nucleation sites for crystal growth. Microscopy 

results further substantiated that the cooling effects were different from aging effects 

because cooling affected floc size, and aging enabled the addition of idle flocs into the 

casein network. The conclusions for the cooling effects on floc size were further 

supported by permeability tests. A smaller permeability coefficient resulted from smaller 

flocs obtained with a slower cooling schedule. This study showed the importance of 

controlling floc numbers to modulate the strength of a gel, and cooling rates provide an 

approach of modulating functional properties when the chemical composition of a system 

is fixed.
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Introduction 

 Casein and fat are major components of cheese. During the cooling stage of 

processed cheese production, fat crystallizes, and casein forms a continuous network. 

Therefore, fat crystallization, protein-protein interactions, and the interactions between 

protein and fat are important for forming the microstructure of the processed cheese 

network that determines the texture and functionality (Fox et al., 2000). Industry has 

observed that slower cooling yields a firmer processed cheese (Carić and Kaláb, 1993), 

however cooling mechanisms are poorly understood. A faster cooling creates more, 

smaller fat crystals (Lopez et al., 2002). More, smaller fat crystals in a cheese network 

dictate a firmer cheese (Tunick et al., 1990). Therefore, understanding casein gelation 

during cooling may help interpret cooling effects on cheese texture and functionality. 

 In the first part of this paper, a model system was formulated to include rennet 

casein and emulsifying salts used in processed cheese analogs (Bowland and Foegeding, 

1999, 2001; Dees, 2002). Rheological data during cooling at different rates demonstrated 

the same trend as the industrial observation on processed cheese: a slower cooling rate 

generates a firmer gel. Fractal theory was applied to describe the casein network, and 

fractal dimension and floc size were proposed as two potential variables affecting 

microstructure and rheological properties. Estimation from rheological data gave similar 

fractal dimensions at different cooling rates, according to the scaling theory developed by 

Shih et al. (1990). However, the rheological data did not enable the estimation of floc 

size, which may be obtained from microscopy techniques. 
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There are many microscopy techniques available, and the microscope selected 

must distinguish individual flocs and impose minimal structure damage during 

preparation and observation. Confocal laser scanning microscopy (CLSM) has been used 

to study whey protein aggregates at micron scale (Verheul et al., 1998). Sample 

preparation for CLSM is straightforward, thereby avoiding complicating artifacts (Blonk 

and Vanaalst, 1993). Furthermore, the scanning mode of CLSM enables the visualization 

of a relatively thick sample incapable of being observed by a conventional light 

microscope. The scanning mode of CLSM also enables the study of structure below a 

surface (Dürrenberger et al., 2001), therefore CLSM was selected for this study. 

Another technique for studying protein gel microstructure is the permeability test 

developed by van Dijk and Walstra (1986) to evaluate the syneresis of casein gels. This 

technique is based on the fact that a protein gel is a network of aggregates, and solvent 

can flow through the pores of this network if a driving pressure exists. The first step in a 

permeability test involves the formation of a gel column inside a glass tube (inside 

diameter of 2.0 or 3.7 mm) positioned in a bulk of protein solution (Fig. 1). As soon as 

the gelation is complete, the glass tube with a gel column is then placed in a solution 

reservoir that has an identical composition to the protein gel but without protein. As the 

gel column is positioned at a level lower than the solution reservoir, a pressure gradient 

drives solution through the protein gel. By measuring the volume of solution penetrating 

through the gel column, the permeability coefficient of a protein gel is estimated. The 

method has been used for whey protein gels (McGuffey and Foegeding, 2001; Verheul et 
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al., 1998; Verheul and Roefs, 1998) as well as casein gels (Roefs et al., 1990; van Marle 

and Zoon, 1995; Lucey et al., 1997, 1998a,b; Mellema et al., 2000). 

The objective of this part of the work was to study the cooling rate effects on the 

microstructure of rennet casein gels by microscopy and permeability. Microscopy tests 

provided visual support to the proposed scheme for rennet casein gelation, discussed in 

part I of this paper series. Measurements on floc size from microscopy images provided 

another parameter in fractal theory besides fractal dimension. Cooling effects on the 

model rennet casein gel system were thus fully interpreted by the fractal theory. As a 

supplementary technique, the permeability test discussed above was modified to enable 

the estimation of permeability coefficients of rennet casein gels used in present 

experimental conditions.   

 

Materials and methods 

Materials and sample preparation 

The samples investigated contained 18% (w/w) rennet casein powder from New 

Zealand Milk Products (USA), Inc. (Lemoyne, PA), food grade monosodium phosphate 

(0.3%) and disodium phosphate (2.5%) donated by Rhodia, Inc. (Cranbury, NJ), salt 

(sodium chloride, 2.0%), and deionized water (77.2%). During sample preparation, 

deionized water was heated to 50°C, followed by the dissolution of salts. Rennet casein 

powder was then dissolved into solution with a stirring bar rotating at 350 rpm. The 

sample was stored overnight in a refrigerator at 5°C. 
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Microstructure observation 

 The sample for a microscopy test was cooled in the rheometer cup from 80 to  

5 °C at four different rates (0.5, 0.1, 0.05, and 0.025 °C/min). During cooling, rheological 

data was obtained as previously detailed. Immediately following a rheological test, a 

small segment of sample was taken from the rheometer cup bottom and applied into a 

thin layer on a glass slide. The slide was then observed with an Olympus Fluoview FV 

300 Confocal Laser Scanning Biological Microscope (Olympus, Tokyo, Japan) using a 

100x immersion oil objective. The laser was operated at 488 nm and a scanning aperture 

of 3.0. The samples were evaluated at different horizontal and vertical positions. 

Image analysis 

 The microscopy images were first converted to gray scale using Adobe Photoshop 

5.5 software (Adobe, San Jose, CA), and the aggregate size was measured by using Scion 

Imaging software (version Beta 4.0.2, Scion Corporation, Frederick, MA). Average 

aggregate sizes and standard deviations were obtained by measuring more than 200 

randomly selected flocs. 

Permeability tests 

Preliminary tests confirmed that slip of the protein gel at the capillary walls was a 

problem, and a cotton plug was successful in maintaining the gel column in a secure 

position. Solution permeation was slow during exposure to pressure gradient used from 

the literature (Verheul and Roefs, 1998). To accelerate the test, the setup in Fig. 2 was 

adapted to generate a steady vacuum above the gel column, thereby increasing the driving 

force across the gel. The glass tube (A) containing the gel column was connected to a 
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long glass tube (2 cm ID), and the opposite end was immersed into another solution 

reservoir. By connecting the glass tube to the long tube, the vapor in tube A was in 

equilibrium with the solution, avoiding mass transfer between tube A and the atmosphere. 

A three-way stopcock was placed between glass tube A and the long glass tube. Next, a 

syringe extracted air from the system, generating a vacuum measured by the solution 

column height inside the long glass tube. Preliminary tests identified a vacuum equaling a 

solution column height of approximately 2.50 meters was required to observe solution 

movement across the gel.  

Gel column preparation. To make a gel column, samples were prepared by the 

method previously described. A salt solution was made to have the same formulation as 

an 18% rennet casein gel without the rennet casein powder. Next, a short cotton plug was 

positioned in glass tube A (ID = 5.0 mm) at a distance of 2 cm from the tube end. The 

cotton was lubricated in salt solution and agitated until no noticeable free solution. 

Approximately 20 grams of sample was then loaded into test tube B (ID = 3 cm), and the 

opening was covered with wrapping film to minimize moisture loss. Sample was melted 

in a programmable water bath at 80 °C for 6 minutes. Glass tube A was then positioned 

and filled protein solution to the cotton plug using a siphon. A layer of mineral oil was 

applied at the top of protein solution, and glass tube A opening was sealed with parafilm 

to minimize moisture loss. Next, test tube B was positioned in the water bath and cooled 

to 5 °C at the same temperature ramps used for rheological testing. 

Solution permeation observation. After cooling, glass tube A was removed, and 

the outside surface was cleaned. A solution column was injected above the cotton plug to 
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wet the surface, as described by Verheul and Roefs (1998). Before connecting glass tube 

A to the hose, a layer of vacuum grease was applied to prevent leakage. Glass tube A was 

then positioned in the solution reservoir maintained at 5 °C by a water bath, and the gel 

column was kept below the water bath level. A vacuum was generated as previously 

discussed. Solution level in the long glass tube was checked periodically and adjusted 

when necessary to maintain a constant vacuum. The solution level inside glass tube A 

(above the cotton column) was measured with a cathetometer (Eberbach Inc., Ann Arbor, 

MI). 

Calculation of permeability coefficient. As discussed by van Dijk and Walstra 

(1986) and Verheul and Roefs (1988), flow through the gel column was treated as flow 

through a homogeneous porous matrix, and macroscopic fluid motion (Darcy’s equation) 

may be expressed as: 

( )gpBvo ρ
µ

−∇−=      (1) 

where vo is the average velocity of fluid through the matrix, B is the permeability 

coefficient of the protein gel, µ is the Newtonian (fluid) viscosity, ∇p is the pressure 

gradient across the gel column, ρ is the fluid density, and g is the acceleration due to 

gravity (Bird et al., 2002). 

The vacuum magnitude corresponds to a solution column height (V) in the long test tube. 

Knowing the vacuum, the pressure gradient and average velocity may be expressed by 

Eq. (2) and (3), respectively. 

( )[ ]
H

thhVg
dx
dpp −+

−==∇ ∞ρ     (2) 
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( )
dt

tdhvo =       (3) 

where h∞ is the solution level for solution reservoir, h(t) and ho are solution level in glass 

tube A at a specific time and beginning of test, and H is the gel column height. 

Substituting Eq. (2) and (3) into (1) and integrating with respect to time, permeability 

coefficient B may be expressed as a function of solution level: 

( )
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Eq. (4) can be further simplified, as in the following expression (5), by using only the 

first term in the Taylor series expansion. Neglecting resistance from cotton plug, a gel 

permeability coefficient was approximated by a linear regression of f(t) with respect to 

time.  
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−
=
ρ
µ     (5) 

 Permeability coefficient is a function of floc size (Verheul et al., 1998), and 

microscopy and permeability test are thus complementary to each other. Microscopy 

enabled the determination of floc size: another important parameter in the fractal theory 

besides the fractal dimension. The results from microscopy studies were supported by the 

permeability tests, and the fractal concepts illustrated cooling effects on rennet casein gel 

rheology and microstructure. 
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Results and discussion 

Casein floc size 

 The microscopy images of casein gels did not permit the visualization of the 

primary protein particles due to the limit of microscope resolution. However, the casein 

flocs and their arrangement were clearly observed. As a typical example, Fig. 3 shows the 

structure of 18% casein gels cooled at 0.5 and 0.025 °C/min. In each image, flocs appear 

approximately spherical, and the arrangement of flocs was similar to the scheme (Fig. 1 

and 2) presented in part I of this series.  

 After taking more than 200 random measurements, the average aggregate sizes for 

18% rennet casein gels cooled at different rates are presented in Table 1. The aggregate 

size was smaller at a slower cooling rate, as well as the standard deviation, which may 

have resulted from a slower cooling process. 

Equation (6) represents a scaling relationship between the size (Rf) of a fractal 

object (an individual casein floc) and the number (Np) of constructing units (protein 

particles) (Bremer et al., 1990, 1993). Since the total amount of protein particles (Np,tot) 

was the same at different cooling rates (same protein concentration), Eq. (7) must be 

conserved because all protein particles are included in flocs. At a slower cooling rate, floc 

size was smaller, the number of flocs (Nf,tot) was thus greater because the flocs were of a 

similar fractal dimension as previously determined. 

fD
f

p a
R~N 






         (6) 
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tot,ftot,p a
RN~N 






     (7) 

where a is the particle size, and Df is the fractal dimension. 

 The gel network structure dictates its strength and rheological properties. For 

polymer gels, the complex shear modulus (G*) is proportional to the number of cross-

links between “blobs” (Flory, 1953). Carlson et al. (1987) used this concept to describe 

the properties of a casein micelle gel by using the analogy between flocs in a particle gel 

and the “blobs” in a polymer gel (Shih et al., 1990). The number of cross-links among 

flocs is thus proportional to G*. In part I, rheological data suggested a stronger gel at a 

slower cooling schedule. The observation resulted from more cross-links among flocs as 

discussed above, and the cooling effects were thus caused by different number of flocs 

created during cooling. 

Permeability coefficients 

Permeability coefficients of 18% rennet casein gels at 5 °C subjected to different 

cooling schedules are reported in Table 1. The coefficients were lower than those 

reported for casein gels and whey protein gels in Table 2. A permeability coefficient is 

strongly dependent on protein concentration, pH, and salt concentration (Verheul et al., 

1998; Verheul and Roefs, 1998), and the higher the protein concentration, the smaller the 

permeability coefficient. The concentration of rennet casein gel was higher than all the 

protein concentrations used in literature, resulting in a smaller permeability coefficient. 

The permeability coefficient for a packed column is a function of component size 

as described by the Kozeny-Carman equation (Eq. 8; Carman, 1956). For casein gels, 
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solution penetrates through the space between flocs, and floc sizes are thus applicable in 

Eq. (8). 

1

2

f

R
B

fε
=      (8)  

where ε is the porosity, and f1 is the Kozeny constant. 

 At a slower cooling rate, more, smaller flocs resulted in a smaller permeability 

coefficient (Table 1). Results from microscopy and permeability thus supported each 

other. 

Physical origin of cooling effects 

 Rennet casein structure evolution follows subsequent steps from molecules to 

particles to flocs and finally to a network. Before forming into flocs, protein particles 

diffuse by Brownian motion. At the conditions under which the flocculation is possible, 

doublets are first formed by two particles “sticking,” followed by the growth of flocs. 

Depending on the “sticking” possibility, flocculation can be classified as a diffusion-

limited or reaction-limited process, creating flocs of different fractal dimension. For a 

fractal dimension in a reaction-limited regime (Df > 2.0), the flocculation is slow because 

particles “stick” together before attempting additional configurations (Russel et al., 

1989). 

 Doublet formation rate can be described as the disappearance rate of individual 

protein particles by 

J
dt

dN totp −=,       (9) 
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where t is the time, and J is the rate of flocculation as related to the total interaction 

energy (Wtot) by, 

( )
( )∫

∞=

a

Btot

totpB

dr
rGr

TkW
N

a
TkJ

2
2

2
,

/exp3
4
µ

   (10) 

where G(r) is the density distribution of protein particles, r is the center-to-center 

distance between two particles, kB is the Boltzman constant, and T is the absolute 

temperature. 

Upon the transformation from time to a linearly decreasing temperature, the 

doublet formation rate at a specific temperature can be expressed as  

tTT o  α−=       (11) 

dtdT  α−=       (12) 

J
dT

dN totp  1,

α
=       (13) 

where To is the initial temperature, and α is the cooling rate in °C/min. 

Casein particles are the constructing units of a casein network. During cooling to 

a “critical” temperature, doublets are formed, followed by the addition of other particles, 

i.e., floc growth. The formation of doublets results from a decrease in short-range 

repulsive forces that decrease upon cooling. For the casein system during cooling at 

different rates, the overall interaction energy at which doublets are formed should be the 

same at different cooling conditions, meaning J should be the same. At a slower cooling 

rate, Eq. (13) illustrates the doublet formation rate (dNp,tot/dT) at a certain temperature is 

greater because α is smaller. Physically, since the formation of doublets occurs at a 
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characteristic temperature, protein particles have more time at this temperature when 

cooled slower, generating more doublets. The addition of individual protein particles onto 

doublets stops when all particles are consumed. Therefore, at a slower cooling rate, more, 

smaller flocs are generated, developing a stronger gel. 

Cooling effects versus aging effects 

Rheological tests were previously performed to distinguish the cooling effects 

from aging effects (a strengthening of a network after gelation at a constant temperature). 

The sample of 18% rennet casein gel was first cooled at 0.5 °C/min from 80 to 5 °C and 

subsequently incubated at 5 °C for a total test time equaling that used in a cooling rate of 

0.025 °C/min. During the incubation at 5 °C, storage modulus increased slightly to some 

period of time and remained at a final value lower than that cooled at 0.025 °C/min. 

To explain the aging effect, Verheul et al. (1998) speculated that the increase of 

storage modulus with time was attributed to the “decoration” of individual molecules or 

particles into the network, strengthening the structure. The microscopy images (Verheul 

et al., 1998) were similar to the data in this work in that the aggregates were 

approximately spherical and smaller than one micron. The images (Fig. 3a) showed that 

there were some idle flocs when initially cooled down to 5 °C at 0.5 °C/min. Contrarily, 

there were fewer idle flocs when the system was cooled to 5 °C at 0.025 °C/min (Fig. 3b) 

or incubated at 5°C after cooling at 0.5 °C/min (Fig. 4a). At a larger scale (Fig. 4b and 

5a), gels did not show noticeable difference with or without incubation and had fewer 

flocs than gels cooled at 0.025 °C/min (Fig. 5b). The floc size after incubation was 0.42 

µm with a standard deviation of 0.10 µm, very similar to the floc size average and 
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standard deviation for gels without incubation. The strengthening of the network during 

incubation most likely resulted from the addition of idle flocs into the network, creating 

more cross-links between flocs. When the idle flocs became a part of the network, no 

more cross-links were created, and the gel showed a plateau of storage modulus. On the 

other hand, because there were fewer flocs when cooled faster, fewer cross-links 

produced a weaker gel when compared with gels prepared from a slower cooling rate 

even though each received identical time treatments. 

In summary, fractal theory successfully described the structure of rennet casein 

gels. The amount of flocs determined the strength of rennet casein gels and was affected 

by differences in floc fractal dimension and size. Fractal dimension is a function of 

chemical composition, while floc size can be manipulated by rates of thermal treatments. 

 

Conclusions 

 During cooling, casein molecules formed a network consisting of fractal flocs, 

and the fractal dimension and size of these flocs are two important parameters that 

determine the rheology and microstructure of cheese products. Microscopy studies 

revealed that smaller flocs were generated during slower cooling schedules, supported by 

the permeability tests. Physically, protein particles spent more time at an identical 

temperature when cooled at slower rates, creating more doublets at the initial stage of 

aggregation and more sites for floc growth. More, smaller flocs and more cross-links 

among flocs were created, resulting in a stronger gel as previously reported. Additional 

microscopy studies showed no differences in floc size and distribution for gels with or 
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without incubation after cooling, and the development of storage modulus during 

incubation thus resulted from bonding idle flocs into the protein network.  
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Table 1. Floc size and permeability coefficient of 18% rennet casein gels as a function of cooling rates 

Floc size (µm) 
Cooling rate (°C/min) 

Average Standard deviation 
Permeability coefficient (× 10-18m2) 

0.025 0.26 0.06 5.38 

0.05 0.31 0.06 8.02 

0.1 0.35 0.08 9.00 

0.5 0.43 0.10 20.60 
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Table 2. Permeability coefficients (B) of whey protein gels* and casein gels** 

Concentration  Gelation method B (m2) References 

10.5% (w/w)** Renneting (~ pH 6.6) 10-13 Van Dijk and Walstra (1986) 

12% (w/w)** Acidificaiton to ~ pH 4.6 10-12 – 10-14 Roefs et al. (1990) 

11.8 % (w/w)** Acidification to ~ pH 4.3 10-13 – 10-14 Van Marle and Zoon (1995) 

12% (w/w)** Acidification to ~ pH 4.6 10-13 Lucey et al. (1998a) 

12% (w/w) ** Renneting (pH 5.3-6.6) 10-11 (pH 5.3) – 10-13 (pH 6.6) Mellema et al. (2000) 

10-89 g/L* Heating 10-12 – 10-16 Verheul et al. (1998) 

Verheul and Roefs (1998) 

10% (w/v)* Heating 10-13 – 10-14 McGuffey and Foegeding (2001) 
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Fig. 1. Conventional setup for measuring the permeability coefficient of a protein gel 
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Fig. 2. Modified permeability test setup by generating a vacuum in the system 
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Fig. 3a. Microstructure of 18% rennet casein gels cooled at 0.5 ° C/min. Bar = 2.0 µm 
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Fig. 3b. Microstructure of 18% rennet casein gels cooled at 0.025 ° C/min. Bar = 2.0 µm 
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Fig. 4a. Microstructure of 18% rennet casein gel cooled at 0.5 °C/min followed by the incubation at 5 °C. Bar = 2.0 µm 
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Fig. 4b. Microstructure of 18% rennet casein gel cooled at 0.5 °C/min followed by the incubation at 5 °C. Bar = 20.0 µm 
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Fig. 5a. Microstructure of 18% rennet casein gel when cooled at 0.5 °C/min. Bar = 20.0 µm 
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Fig. 5b. Microstructure of 18% rennet casein gel when cooled at 0.025 °C/min. Bar = 20.0 µm 
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Different Rates 
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Abstract 

A mathematical model was developed to quantitatively analyze the rheological 

data of rennet casein gels cooled at different rates, and the kinetic parameters were 

estimated and correlated with the microstructure development of the protein network. 

The kinetic model identified structure development upon cooling to be first order, and 

the network forming energies were estimated for four protein concentrations cooled at 

four rates. A lower network forming energy was observed for a slower cooling rate 

and a higher concentration. This observation resulted from more flocs at a slower 

cooling rate and a higher concentration, simplifying floc cross-linking. By analyzing 

the kinetics during the aging process of the casein gels, no difference in reaction 

mechanism was noticed. This study illustrated that the structure formation was a 

result of addition of flocs into a network, and not all flocs were part of the network at 

a traditional definition of gelation. The incubation following cooling integrated idle 

flocs into the network, thus strengthening the gel. By understanding the gelation 

mechanism during cooling of rennet casein gels, the structure and thus quality of dairy 

products, such as processed cheese, may be better controlled. 
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Introduction 

The structural and functional properties of processed cheese are affected by 

many parameters, including emulsifying salts (Bowland and Foegeding, 2001), pH, 

and thermal and shear history (Glenn, 2002). Cooling is a critical process during 

which the fluid-like processed cheese (85 °C) forms into a gel while cooling to a 

storage temperature (4 °C), creating a microstructure that dictates its textural and 

functional properties. A slower cooling process has been observed to yield a firmer 

product (Carić and Kaláb, 1993). However, the cooling effects have not been 

explicitly explained, and there is a need to understand the physics and reactions 

during cooling to better manipulate the cooling process. 

A kinetics study provides a quantitative analysis of a process and better 

illustrates the dynamics of structure formation. Traditionally, kinetics involves the 

measurement of concentration evolution during a process and the determination of 

kinetic parameters, including the reaction order and activation energy. Protein 

gelation has been studied using traditional methods by measuring the reactant 

concentration at different times supplemented by light scattering (Roefs and de Kruif, 

1994) and turbidity measurements (Carlson et al., 1987a,b). Rheology, on the other 

hand, provides an excellent approach to study structure formation. Using a strain 

within the linear viscoelastic regime (LVR), the structure development during a 

process can be monitored by a rheometer. A wealth of analysis has been reported on 

rheological data to illustrate the kinetics of network formation (Douillard, 1973; 

Carlson et al., 1987c; Renard and Lefebvre, 1992; Clark and Farrer, 1995;Tobitani 

and Ross-Murphy, 1997; Aguilera and Rojas, 1997; Le Bon et al., 1999). 
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Protein and fat are major structure formers in processed cheese, and casein 

forms a continuous network during cooling (Fox et al., 2000). To help illustrate 

cooling mechanisms, a model rennet casein gel system was formulated to include 

rennet casein and emulsifying salts used in a processed cheese analog (Bowland and 

Foegeding, 1999, 2001; Dees, 2002). Small amplitude oscillatory tests were used to 

study rennet casein network formation during cooling at different rates, and a model 

was derived to quantify rheological data at different cooling rates, enabling an 

analysis of kinetic parameters from rheology. By studying the gelation kinetics, the 

network forming energies of rennet casein gelation were estimated, and the results 

were correlated with microstructure development during cooling. 

 

Theory and model development 

Similar to the rationale provided in literature (Marangoni et al., 2000; 

Richardson and Ross-Murphy, 1981; Tobitani and Ross-Murphy, 1997; Le Bon et al., 

1999), the structure of rennet casein gelation during cooling may be proposed to 

follow three steps (Eq. 1): 

(1) casein molecules first form colloidal particles; 

(2) particles flocculate as flocs; and 

(3) flocs integrate into a three-dimensional network. 

Molecules  →← 11 k,E ,s  Particles  →← 22 k,E ,s Flocs  →← 33 k,E ,s Network  (1) 

where Es and k, similar to a chemical reaction, represent the apparent structure 

forming energy and rate, respectively. A term Enf is designated to describe the energy 

spent as flocs form a network (Es,3). 
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 Gels have continuous networks and can be classified as either chemical or 

physical. In a chemical gel, cross-links are due to covalent bonds between certain 

reactive sites on polymer chains, which have been modeled as a collection of “blobs” 

(Grosberg and Khoklov, 1994). On the other hand, cross-links in a physical gel are 

formed by non-covalent physical forces (Ross-Murphy, 1995), and a physical gel 

from particles (a particulate gel) is composed of flocs linked by physical forces (Shih 

et al., 1990). From this aspect, a particulate gel is analogous to a polymer gel in that 

flocs are analogous to the “blobs” (Shih et al., 1990). A rennet casein gel is an 

example of a particulate gel in that each of the aforementioned steps during structure 

formation is controlled by physical forces.  

 Classic rubber elasticity theory assumes that a complex shear modulus (G*) is 

proportional to the cross-link concentration present in a network (Flory, 1953), 

RTG ν=*      (2) 

where ν is the cross-link concentration, R is the universal gas constant, and T is the 

absolute temperature. 

The temperature dependence in rubber elasticity theory is opposite of expected 

behavior as most experiments demonstrate a weaker gel at elevated temperatures. A 

typical example is the melting of a protein gel upon heating. However, the idea of 

shear modulus as a function of cross-links can be applied to a particulate gel, as used 

by Carlson et al. (1987c) to study curd-firming following κ-casein hydrolysis. When 

heating casein curd, the cross-links between casein micelles diminish or melt, and the 

gel becomes softer or returns to a protein solution. The strength of a particle gel is 

thus proportional to the amount of physical cross-links. 
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 Following a rigorous analysis, Carlson et al. (1987c) derived a model 

describing the firming of a milk gel after enzyme application. Cross-links between 

casein micelles were speculated as a physical basis for shear modulus development. 

At the assumption that enzymatic cleavage of κ-casein is extremely fast, i.e. all the 

casein micelles are available for aggregation, the model was found to be consistent 

with earlier empirical work by Douillard (1973) who assumed casein micelle 

aggregation to be a first order reaction. The equation may be written in the 

dimensionless form as: 

( )
( ) ( )( )*

*

/*1*
*/

/*
∞

∞ −= GGkt
ttd
GGd     (3) 

where k is the reaction rate, G∞* is the shear modulus as time (t) goes to infinity, and 

t* is the time at which gelation starts. 

The aggregation of flocs into a network strengthens a system that enables a 

measurement of macroscopic rheological properties by a rheometer. By using a strain 

within the LVR, rheological properties during cooling of rennet casein can be 

measured with minimal disturbance to structure formation. 

Following the general description of kinetics, Eq. (3) was revised for the 

network formation from flocs by assigning an unknown order, n.  

( )
( ) ( )( )nGGkt

ttd
GGd *

*

/*1*
*/

/*
∞

∞ −=     (4) 

The solution to this equation is straightforward for an isothermal system. However, in 

this research, the gelation occurs during cooling, and the network forming rate in Eq. 

(4) is thus a function of temperature (or time). The rheometer used in this research 

controlled the temperature of a water bath surrounding a cup containing the sample, 
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the water bath temperature was programmed to decrease at a steady rate. The actual 

temperature reading from a thermocouple placed near the cup verified the controlled 

temperature scheme. As the cup was made from stainless steel and the gap between 

the bob and cup was small (~ 1 mm), temperature change in the sample during a 

rheological test was assumed to follow a constant cooling rate (Eq. 5). Assuming an 

Arrhenius relationship between the network forming rate and temperature (Eq. 6), the 

shear modulus was transformed as a function of temperature only (Eq. 7): 

T = To - α t      (5) 
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where To is the initial temperature, α is the (absolute) cooling rate, and ko is a pre-

factor. 

Further derivations may involve the transformation of temperature into a 

dimensionless variable. To be physically sound, temperature was scaled to a gelation 

temperature, the identification of which is not universally accepted (Ross-Murphy, 

1995). As dictated in Eq. (7), the selection of a reference temperature will not affect 

the mathematics, and the initial temperature was used for simplicity. Eq. (7) was 

further manipulated into 
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 By allowing *
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=ς , Eq. (8) was rewritten as: 
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The right hand side of Eq. (9) does not have an exact integral. Therefore, an 

approximate solution was first published by Coats and Redfern (1964). Although 

some efforts were made to improve the accuracy of the solution (Lee and Beck, 1984; 

Agrawal, 1987), the Coats and Redfern solution was the primary solution used to 

describe the kinetics for non-isothermal reactions. This solution for Eq. (9) can be 

expressed as: 
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where g(x) is the integral of the left hand side of Eq. (9), taking the form of: 
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After performing a log transformation: 
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and replacing variables, a similar equation derived by Coats and Redfern was 

obtained: 

( )
T
T

RT
E

E
RT

E
RTk

ln
T/T
xgln o

o

nf

nfnf

oo

o








−























−−=












−

21
2

22 α
 (13) 

For reaction conditions yielding an RT/Enf value much smaller than unity, a plot of 

( )








− 22 /

 ln
oTT

xg  versus To/T should result in a straight line. By comparing the linearity 
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at different reaction orders, the slope (Enf/R To) from the best linear fit can be used to 

estimate an network forming energy, Enf. 

 

Material and methods 

Materials 

Rennet casein powder was purchased from New Zealand Milk Products 

(USA), Inc. (Lemoyne, PA). Food grade monosodium and disodium phosphates were 

donated by Rhodia, Inc. (Cranbury, NJ), and salt (sodium chloride) was purchased 

from a local store. The protein content of casein powder was determined to be 81.5% 

by the Analytical Services Laboratory (Raleigh, NC) using a Perkin-Elmer PE 2400 

CHN Elemental Analyzer (Perkin Elmer Corp., Norwalk, CT). 

Sample preparation 

 Rennet casein model gels (concentrations of 18, 20, 22, and 25%, w/w) were 

prepared according to formulae in Table 1. Deionized water was heated to 50 °C, 

followed by the dissolution of salts. Rennet casein powder was then dissolved into the 

solution with a stirring bar rotating at 350 rpm. The sample appeared to form a 

viscous paste and formed a gel upon overnight storage in a refrigerator at 5 °C. 

Rheological data acquisition 

Small amplitude oscillatory shear tests were performed using a couette 

geometry and a Bohlin VOR rheometer (Bohlin Reologi, Inc., Cranbury, NJ). The 

inner diameter of the cup and outer diameter of the bob were 2.7 and 2.5 cm, 

respectively. Initially, 14.00 grams of sample was loaded into the cup, and the 

opening was covered with wrapping film to minimize moisture evaporation. Once the 

rheometer reached 80 °C, the cup with sample was loaded and incubated for 6 min at 



 136

80 °C to melt the gel. The film was removed, and the bob was lowered into 

measurement position. Excessive sample was removed, a mineral oil layer was 

applied to the sample surface, and a sealing cap was placed on the cup to minimize 

moisture loss. The sample was equilibrated at 80 °C for 30 minutes, and individual 

samples were then cooled to 5 °C at a predetermined rate (0.025, 0.05, 0.1, and 

0.5°C/min). A 1% strain and a frequency of 0.05 Hz was used during oscillation. 

Following the dynamic rheological test, a strain sweep test was performed at 5 °C and 

0.05 Hz. 

All items involved in the experiments were weighed before and after testing to 

evaluate moisture loss. The data recorded no statistical significance to the moisture 

loss effects for different cooling conditions. 

 

Results and discussions 

Rheological data 

The complex modulus (G*) at different cooling rates is shown in Fig. 1 for 

18% and Fig 2. for 25% rennet casein gels. At a temperature greater than 40 °C, data 

was below rheometer sensitivity. The strain used in oscillation was within the LVR. 

At a slower cooling rate for the same concentration, the G* was higher, meaning more 

physical cross-links were present in the network. This trend was observed at two other 

concentrations. Generally, more cross-links (higher G*) were present at a higher 

casein concentration and a lower temperature.   

Data range for analysis 

 Frequently, the crossing of storage and loss modulus (or a phase angle of 45°) 

is an indication commonly used to denote a gel point (Ross-Murphy, 1995). A 
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common definition of a gel point is that all cross-links are formed at once (Ross-

Murphy, 1995). However, the aging effect - an increase in elastic modulus with time 

(Veuheul et al., 1998) - suggests a continued formation of cross-links post gel point.  

As an example, Fig. 3 shows the phase angle during cooling of 25% rennet 

casein gels. During cooling, the phase angle developed steadily after some initial 

fluctuation. Within this temperature range, the G* was small, probably due to non-

permanent cross-links or a simultaneous generation and breakage of cross-links 

between flocs. Post gelation, a network was formed and strengthened, demonstrating a 

steady increase in the amount of cross-links or a steady decrease in phase angles. 

Because gelation could occur prior to reaching a phase angle of 45 °, the temperature 

range at which the phase angle decreased monotonically was considered the region of 

steady network formation. This data was subjected to the derived kinetic model, Eq. 

(13). An example is shown in Fig. 4 for 22% rennet casein gels cooled at 0.025 

°C/min. During cooling, phase angles were unstable at a temperature higher than 22.9 

°C and decreased monotonically afterwards. The G* at a temperature range from 5 to 

22.9 °C was used to determine kinetic parameters (Fig. 5). 

Determination of kinetic parameters 

The aggregation of proteins has been assumed to follow a second order 

(Carlson et al., 1987a,b,c; Tobitani and Ross-Murphy, 1997), 1.5 order (Le Bon et al., 

1999; Roefs and de Kruif, 1994), or first order process (Aguilera and Rojas, 1997; 

Douillard, 1973). By plotting the left hand side of Eq. (13) for these three orders, the 

data showed the best linearity at the first order for 22% rennet casein gels cooled at 

0.025 °C/min (Fig. 5). A similar conclusion and a coefficient of determination (R2) 

value greater than 0.97 was noticed at all concentrations and cooling rates (Table 2). 
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A reaction order of one was the extreme case used in the analysis of Carlson et 

al. (1987c) when all the κ-casein on the surface was cleaved and all the casein 

micelles were available for aggregation. During cooling of rennet casein, there was no 

such process of hydrolysis preventing the aggregation, and thus all flocs were 

available for aggregation. The order determined from the model was thus consistent 

with the analysis of Carlson et al. (1987c) and the assumption of Douillard (1973). 

By linearly regressing the data according to Eq. (13), the network forming 

energies were estimated from the slope, and the pre-factors in the Arrhenius 

relationship from the intercept. The results were compiled in Table 2 and plotted in 

Fig. 6 for the network forming energies at different concentrations and cooling rates. 

A negative network forming energy, occurring during cooling (positive slopes), 

indicated that the aggregation process is exothermic, meaning protein flocs expend 

energy to overcome the energy barrier for aggregation. The magnitude of network 

forming energies was in the same range, showing the same reaction type at different 

cooling rates. The absolute values of RT/Enf were all much smaller than 1 (less than 

0.03), verifying the above analysis. The trend in network forming energy was obvious 

with respect to concentration and cooling rate: smaller at a higher concentration and a 

slower cooling rate.  

Correlation of kinetic parameters with structure development 

 Casein flocs are fractal objects whose size (Rf) can be scaled to the number of 

particles (Np) as: 

fD
f

p a
R

~N 







     (14) 
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where a is the radius of particles, and the exponent Df is the fractal dimension, a 

parameter representing the compactness of flocs. 

The above equation illustrates that floc size and floc fractal dimension are two 

parameters determining the number of flocs when the total number of protein particles 

is given (Eq. 15). The compactness of a floc (Df) is determined by how closely two 

particles can approach during aggregation. In colloidal theory, this minimum 

separation distance corresponds to the primary energy minimum (Israelachvili, 1992). 

During cooling at different rates, the interactions are similar because samples have 

identical composition. As a result, the fractal dimensions are similar at different 

cooling schedules. Cooling rate influences the doublet formation rate during the initial 

stage of protein particle flocculation. At a slower cooling rate, protein particles spend 

more time at a specific temperature, forming more doublets for floc growth. As a 

result, more, smaller flocs are generated when all protein particles are integrated into 

flocs. Similar fractal dimensions at different cooling rates were determined from the 

scaling theory, and smaller flocs at a slower cooling rate were observed from 

microscopy images. To conserve the number of particles, the number of flocs was 

greater at a slower cooling rate according to Eq. (15), 

fD
f

tot,ftot,p a
R

N~N 







     (15) 

where Np,tot is the total number of particles, and Nf,tot is the total number of flocs. 

With more flocs present in a system, the generation of cross-links between 

flocs is easier, and the flocs expend less energy (lower Enf) before contributing to the 

network. The same explanation holds true for higher concentrations. As floc size is 
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independent of concentration (Le Bon et al., 1999), the number of protein particles is 

larger at a higher concentration, and so is the number of flocs. 

Kinetics during aging 

To illustrate how the cooling effects are different from aging effects, the 18% 

rennet casein gel was first cooled at 0.5 °C/min followed by incubation at 5 °C with a 

total time equivalent to that used at a cooling rate of 0.025 °C/min. The floc size after 

incubation had a similar distribution to the system without incubation, and 

microscopy images showed less idle flocs after incubation. The aging effect was thus 

due to the continued addition of idle flocs into the network. Rheological data showed 

an initial increase to the complex modulus during incubation, but the final modulus 

was lower than that cooled at 0.025 °C/min. The change of complex modulus is 

plotted in Fig. 7 for this process. 

As the incubation was at a constant temperature and the aging effect was due 

to the addition of idle flocs into the network, Eq. (3) can be used to describe the 

complex modulus during aging. However, the gelation time can not be used as a 

reference because the gelation occurs (during cooling) prior to incubation. When 

integrating Eq. (3), a combination of t = 0 and shear modulus at the beginning of 

incubation (Go*) was used as the lower limit of integration. Substituting x = G*/G∞* 

and applying the plateau G* (790 Pa -- Fig. 8) as G∞*, the following equation was 

obtained 

( )
( ) kt

G/G
G/*G

ln **
o

*

−=







−
−

∞

∞

1
1     (16) 

Plotting the data points before reaching G∞*, a reaction rate of 0.00063 s-1 was 

obtained from the slope after a linear regression (R2 = 0.99). To compare the aging 
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process and gelation during cooling, the reaction rates at other processes were 

estimated by using the Arrhenius expression for a temperature of 5 °C (Table 2). The 

reaction rate during incubation was within the rage of estimated rates, meaning that 

there was no difference in the reaction mechanism between cooling and aging. The 

results further supported the earlier analysis from microscopy and rheological data. 

To explain the aging effect, Verheul et al. (1998) hypothesized the structure 

formation of a particulate whey protein gel followed two steps: formation of the 

network followed by network strengthening. In the first step, flocs were formed and 

integrated into a network during gelation. At the gel point, there were still some 

individual molecules or particles not incorporated into the network. These individual 

protein molecules or particles decorate and strengthen the network post gelation. The 

authors did not report microscopy images regarding the aging effect, and the 

hypothesis was based on a slight decrease in a permeability coefficient. From this 

analysis, since gelation and aging are two different structure development processes, 

the network forming energies and reaction rates should be different.  

The mechanisms in the whey system during aging should be similar to the 

casein gelation in this study. For a whey protein gel, formation of particles involves 

the aggregation of molecules upon heating, followed by the development of flocs 

from particles and a network from flocs. For the rennet casein system, particle 

formation occurs during cooling. Because aging occurs after network formation, and 

kinetic parameters are similar during cooling and aging, the addition of idle flocs into 

the network provides a plausible explanation to the observed aging effects.  
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Conclusions 

A model rennet casein system was studied as a function of cooling rates and 

formed a stronger gel at slower cooling rates. A mathematical model was developed 

to describe the rheological data during cooling. The model was applied during the 

period of steady network formation, following gelation. The model enabled the 

identification of reaction order, and the rennet casein gelation was determined to be a 

first order process. The network forming energy and other factors in an  Arrhenius 

relationship were evaluated for the rennet casein system at different protein 

concentrations and during cooling at different rates. Structure formation was 

exothermic (negative Enf), and the system spent less energy to form a network at a 

higher protein concentration and a slower cooling rate due to easier cross-linking from 

more flocs initially present. A further analysis illustrated no difference in gel 

strengthening mechanisms during cooling and aging. 
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Table 1. Formulae for rennet casein gels 

 

Rennet casein concentration (w/w) 
Amount (grams) 

18% 20% 22% 25% 

NaH2PO4 0.60 0.60 0.60 0.60 

Na2HPO4 5.00 5.00 5.00 5.00 

NaCl 4.00 4.00 4.00 4.00 

Casein powder 36.00 40.00 44.00 50.00 

Deionized water 154.40 150.40 142.40 138.40 
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Table 2. Kinetic parameters for rennet casein gelation  

Concentration 

(w/w) 

Cooling rate 

(°C/min) 

R2 Enf  

(kJ/mol) 

ko  

(s-1) 

k at 5 °C  

(× 10-3 s-1) 

0.025 1.00 -104.5 5.23×10-24 0.22 

0.05 1.00 -110.6 8.24×10-25 0.49 

0.1 1.00 -111.9 9.13×10-25 0.93 

25% 

0.5 0.99 -117.8 3.70×10-25 4.98 

0.025 0.99 -114.9 5.75×10-26 0.22 

0.05 0.99 -117.1 4.74×10-26 0.47 

0.1 0.99 -119.2 3.49×10-26 0.86 

22% 

0.5 0.99 -123.7 2.71×10-26 4.53 

0.025 0.99 -120.9 4.26×10-27 0.21 

0.05 0.99 -124.3 1.89×10-27 0.41 

0.1 0.99 -130.9 2.39×10-28 0.90 

20% 

0.5 0.98 -132.1 7.46×10-28 4.81 

0.025 0.98 -126.2 4.52×10-28 0.23 

0.05 0.98 -136.3 1.36×10-29 0.53 

0.1 0.97 -139.4 8.28×10-30 1.25 

18% 

0.5 0.97 -160.8 4.19×10-33 6.75 
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Fig. 1. Complex shear moduli of 18% rennet casein gels during cooling at different rates 
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Fig. 2. Complex shear moduli of 25% rennet casein gels during cooling at different rates 
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Fig. 3. Phase angles of 25% rennet casein gels during cooling at different rates 
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Fig. 4. Phase angle of 22% rennet casein gel during cooling at 0.025 °C/min. Data at a temperature lower than a value 
indicated by the vertical line in the figure was used for calculation. 
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Fig. 5. Fitting complex shear modulus to the model for different reaction orders for 22% rennet casein 
gels cooled at 0.025 °C/min 
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Fig. 6. Network forming energy of rennet casein gelation as a function of concentrations and cooling rates 
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Fig. 7. Complex moduli of 18% rennet casein gel (open circles) during incubation at 5 °C following a 
cooling at 0.5 °C/min. Filled squares are data points fit into Eq. (14). 
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Abstract 

 Rennet casein was selected to simulate casein gelation during processed cheese 

manufacture, and this work provides an understanding of pH effects in such a system. 

While cooling a 15% (protein w/w) rennet casein solution from 80 to 5 °C at 0.5 °C/min, 

rheological studies showed a dramatic increase in storage modulus between a pH range of 

5.8 to 12. Rheological and microscopy results showed that continuous networks were 

formed for gels at pH 7.2 and above, while a discontinuous network was the case for gels 

studied below pH 6.5. The monotonic increase in storage modulus with pH was 

consistent with the number of net (negative) charges estimated from the amino acid 

sequences of caseins according to the Henderson-Hasselbalch equation. A non-DLVO 

force was involved in the aggregation of protein particles and speculated to be a steric-

hydration force, because traditional DLVO forces could not explain the structure 

formation during cooling. At a higher pH, protein particles were larger due to weaker 

hydrophobic interactions and stronger repulsive electrostatic interactions from more 

charges. When packing these particles into flocs during cooling, a smaller floc fractal 

dimension was created at similar floc sizes. Consequently, for systems of the same 

protein and salt concentrations, more flocs were present in a gel at a higher pH, which 

subsequently generated more cross-links and a higher storage modulus.
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Introduction 

Casein is the main milk protein and is the network former in such dairy products 

as yogurt and cheese (Fox et al., 2000). In milk, caseins exist as micelles, consisting of 

sub-micelles whose structure is maintained by calcium phosphate (Swaisgood, 1996). 

The κ-casein layer on the micelle surface provides strong repulsive steric interactions and 

prevents casein aggregation (Tuinier and de Kruif, 2002). Lowering pH to the isoelectric 

point (pI) of casein (pH 4.6) diminishes the steric interaction, enabling the aggregation of 

casein micelles in the production of yogurt. The enzymatic cleavage of κ-casein 

(renneting) is another approach enabling the aggregation of casein micelles and is used in 

the production of natural cheeses (de Kruif, 1997). A small change in pH significantly 

alters the quality and functionality of casein gelation products (Rowney et al., 1999). 

Complex physicochemical changes occur when lowering milk pH. Chemically, 

the acidification process is accompanied with the dissociation of salts, including micellar 

calcium, magnesium, inorganic phosphate, and citrate (Van Hooydonk et al., 1986a; Le 

Graët and Gaucheron, 1999). Physically, the volume of casein micelles increases with a 

decrease in pH, reaching a maximum at pH 5.3 (Van Hooydonk et al., 1986a). Visser et 

al. (1986) also argued that, despite losing minerals, the micellar skeleton remained intact 

even once all micellar calcium phosphate had been released at pH 5.1, and casein 

micelles no longer had the sub-micellar structure. Despite the lack of an exact proposed 

mechanism, dissolving of calcium phosphates from casein micelles is clearly more 

significant at a lower pH (Van Hooydonk et al., 1986a, Visser et al., 1986, Le Graët and 

Gaucheron, 1999), causing the weakening and swelling of internal casein micelles 
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(Mellema et al., 2000, 2002). As the pH gets closer to the pI (4.6), the hydrophobic 

interactions between caseins become more significant (Mellema et al., 2000).  

Casein interactions are strongly influenced by the pH, because pH directly 

determines the number and balance of charges on protein molecules (Stryer, 1995). 

Bovine-milk caseins have four primary proteins, namely αs1, αs2, β, and κ-caseins (Ennis 

and Mulvihill, 2000, Swaisgood, 1993; Mercier and Vilotte, 1993; Creamer and 

MacGibbon, 1996). The primary structures of these proteins can be expressed either as 

amino acid composition (Swaisgood, 1993) or nucleotide sequence (Mercier and Vilotte, 

1993). Six of the amino acids in caseins have charges (Swaisgood, 1996), and the 

quantities of these amino acids in different caseins are listed in Table 1. By applying the 

well known Henderson-Hasselbalch equation (Stryer, 1995), the total amount of charges 

at a specific pH can be estimated by summation of individual charges from the amino 

acids. By controlling charges and thus the inter- and intra- casein interactions, pH is one 

of the predominant factors determining rheology and microstructure of casein gels 

(Lucey et al., 1998). 

Casein gels have been extensively studied due to the relevance and impact on a 

large variety of dairy products. Casein gels can be produced by renneting or acidification 

(de Kruif, 1997). Besides the direct impact on casein gel rheology and microstructure, pH 

also influences the rate of renneting: an initial increase in renneting process when 

lowering pH from 7.5 to 6.0, followed by a slight decrease at a pH lower than 6.0 (van 

Hooydonk et al., 1986b).  
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For rennet-induced gels, limited literature disclosed a monotonic relationship 

between gel storage modulus and pH. Swelling of casein micelles seemed to result in a 

weaker gel, because the minimum storage modulus coincided with the maximum 

voluminosity at pH 5.3 within a pH range from 4.6 to 7.5 (Van Hooydonk et al., 1986b). 

However, Zoon et al. (1989) observed the maximum storage modulus at pH 6.15 for a pH 

range between 5.77 and 6.75. The trends at lower pH may be explained by the swelling of 

the casein micelles due to dissolution of calcium phosphate. But, the interpretation at the 

higher pH regime was not satisfactory, because proteins are more negatively charged at a 

pH above the pI and the electrostatic force should be more repulsive at a higher pH. 

Roefs et al. (1990) studied the combined renneting and acidification effects on 

casein gel systems. The authors measured the maximum in storage modulus at pH 4.7 and 

an increase in storage modulus as the pH was increased from 5.2 to 5.8. The acid casein 

gels showed a maximum storage modulus at a pH close to the pI of casein. Once the pH 

was greater than 5.2, the gels had characteristics of rennet-induced casein gels.  

 Contrasting with this research, little work has been reported for the (rennet) casein 

system that includes emulsifying salts used in processed cheese manufacture. Processed 

cheese is manufactured from natural cheeses. During processed cheese manufacturing, 

the added emulsifying salts at an elevated temperature solubilize proteins by sequestering 

calcium essential for maintaining casein micelle integrity (Carić and Kaláb, 1993; Fox 

and McSweeney, 1998). 

During cooling, gel formation starts from individual molecules. Similar to a whey 

protein system (Richardson and Ross-Murphy, 1981; Tobitani and Ross-Murphy, 1997; 
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Le Bon et al., 1999; Marangoni et al., 2000), rennet casein network formation can be 

described as subsequent steps from molecules to particles to flocs and finally to a 

network. The amount of flocs dictates the number of cross-links among flocs and thus the 

strength of a rennet casein gel. Casein flocs are fractal objects whose size (Rf) is scaled to 

the number of particles (Np) by Eq. (1) (Bremer et al., 1990, 1993), 

fD
f

p a
R~N 






      (1) 

where a is the diameter of colloidal particles, and Df is the fractal dimension. 

 The objectives of this work were to study rennet casein gelation during cooling 

and investigate pH effects on gel network: strength, interactions, and microstructure. To 

simulate processed cheese conditions, a model system was formulated from rennet casein 

powder and emulsifying salts used in a processed cheese analog (Bowland and 

Foegeding, 1999, 2001; Dees, 2002). Because processed cheese has a pH range between 

5.0 and 6.5 (Carić and Kaláb, 1993), the model system was adjusted to pH 5.8 and 6.5. 

The model system was also investigated at pH 7.2 and 12 to provide comprehensive data 

for interpretation. Rheological tests probed the structure during cooling at a fixed rate, 

and microscopy enabled the observation of microstructure post cooling. Results were 

then interpreted by fractal concepts. This study may benefit manufacturers of casein 

gelation products, like processed cheese. The knowledge gained may improve the quality 

of processed cheese products and establish a framework for understanding the assembling 

of other globular protein systems.  
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Materials and methods 

Materials 

Rennet casein powder was purchased from New Zealand Milk Products (USA), 

Inc. (Lemoyne, PA). The protein content of casein powder was determined by Analytical 

Services Laboratory (Raleigh, NC) using a Perkin-Elmer PE 2400 CHN Elemental 

Analyzer (Perkin Elmer Corp., Norwalk, CT). Casein powder had an 81.5% protein 

concentration calculated using a standard conversion factor (Mleko and Foegeding, 

2000). Food grade monosodium and disodium phosphates were donated by Rhodia, Inc. 

(Cranbury, NJ), and salt (sodium chloride) was bought from a local store. 

Gel sample preparation 

Rennet casein gels were prepared from 15% w/w protein, 2.5% Na2HPO4, 0.3% 

NaH2PO4, 2.0% NaCl, and the remainder de-ionized water. For samples without pH 

adjustment (pH of 7.2), deionized water was heated to 80°C followed by the dissolving of 

salts. Rennet casein powder was then dissolved into solution with a stirring bar rotating at 

350 rpm. The sample appeared to be a viscous paste at this point and formed a gel upon 

the overnight storage in a refrigerator at 5°C. When samples required pH adjustment (to 

5.8, 6.5 and 12), 95% of the de-ionized water was used to dissolve salts, and the solution 

pH was adjusted by drop-wise addition of 6 N HCl or 6 N NaOH. The remaining water 

was then supplemented, and the sample preparation followed the aforementioned steps. 

Rheological measurements 

Small amplitude oscillatory tests were performed using a couette geometry and a 

Bohlin VOR rheometer (Bohlin Reologi, Inc., Cranbury, NJ). The couette assembly 
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included a serrated bob and cup with a cup inner diameter of 2.7 cm and bob outer 

diameter of 2.5 cm. Initially, fourteen grams of gel sample was loaded into the cup, and 

the opening was then covered with parafilm. After the rheometer reached 80 °C, the cup 

with sample was loaded and incubated for 6 min at 80 °C to melt the gel. The film was 

removed, and the bob was lowered into the measurement position. Excessive sample was 

removed, a mineral oil layer was applied to the sample surface, and a sealed cap was 

placed on the cup to minimize moisture loss. The sample was equilibrated at 80 °C for 30 

minutes, then cooled to 5 °C at 0.5 °C/min. A 1% strain and an oscillatory frequency of  

1 Hz was used during cooling. Following oscillation, a strain sweep test was performed at 

a frequency of 1 Hz, or a frequency sweep test was performed at a 1% strain level after 

equilibrating for 30 min at a temperature of 5 °C.  

All samples were weighed before and after each test to evaluate moisture loss. 

The data recorded no statistical significance to the moisture loss effects for different 

cooling conditions. 

Microstructure observation 

 Immediately following a rheological test, a small piece of sample was taken from 

the rheometer cup bottom and applied as a thin layer on a glass slide. The slide was 

observed by an Olympus Fluoview FV 300 Confocal Laser Scanning Biological 

Microscope (Olympus, Tokyo, Japan) using a 100x immersion oil objective. The laser 

was operated at 488 nm and a scanning aperture of 3.0. The samples were observed at 

different horizontal and vertical positions. 
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Image analysis 

 The microscopy images were first converted to a gray scale using Adobe 

Photoshop 5.5 software (Adobe, San Jose, CA), and the aggregate size was measured by 

using Scion Imaging software (version Beta 4.0.2, Scion Corporation, Frederick, MA). 

An average aggregate size and standard deviation was obtained from more than 200 

random measurements. 

Water-holding capacity 

Centrifugation tests were performed to quantify the amount of free water in the 

gels at different pH values. Approximate 23 grams of gel sample were loaded into a 

plastic test tube, melted at 80 °C for 6 minutes in a water bath, and then cooled to 5 °C at 

0.5 °C/min. Following the cool-down, test tubes with gels were centrifuged at 5 °C for 30 

minutes at 26890 g (rotor SS-34 at 15000 r.p.m.) using a Sorvall® RC-5B Refrigerated 

Superspeed Centrifuge (DuPont Company, Wilmington,  DE), and the test was performed 

in duplicate for each pH condition. 

 

Results and discussions 

Rheological data 

Rheological properties of rennet casein gels during cooling are presented in Fig. 

1. Storage modulus increased during cooling, and the gels were stronger at a higher pH. 

No strain sweep data displayed a non-linear regime at the maximum rheometer strain 

limit of 20%. For gels with a pH of 5.8 and 6.5 (Fig. 2 and 3), the mechanical spectra 

showed a cross of storage modulus (G′) over loss modulus (G″) at a frequency range 
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between 0.01 Hz and 10 Hz. The G′ always dominated at the same frequency range for 

gels at pH 7.2 and 12 (Fig. 2 and 3), and the gels at these two pH values were thus more 

solid-like. 

Microscopy images 

 Microscopy images are displayed in Fig. 4 for gels at pH 5.8, 6.5, 7.2, and 12. At 

this magnification (100x), gels at pH 5.8 (Fig. 4a) and 6.5 (Fig. 4b) did not exhibit a 

continuous network, while a gel was created at the remaining pHs. The gel structures 

were thus consistent with rheological data at various pH values. Also at this length scale, 

gels at a higher pH had a more compact microstructure, suggesting more flocs. As an 

example, Fig. 5 displays the shape and size of flocs for gels at pH 5.8.  The averages and 

standard deviations of rennet casein flocs at all experimental conditions are compiled in 

Table 2. 

Water-holding capacity 

 After centrifuging samples, approximately 0.15 gram of free water was obtained 

for gels at pH 5.8. A slight amount of free water (~ 0.03 grams) was observed for a pH 

6.5, while there was no noticeable free water at pH 7.2 and 12. Further centrifugation for 

30 minutes did not express more water. Even though the amount of free water was not 

significant, the trend was in agreement with visual inspections of microscopy images 

(Fig. 4), suggesting more free water existed in the gels at a lower pH because of the 

discontinuity of the gel network. 
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Protein charges as affected by pH 

By applying the Henderson-Hasselbalch equation, the amount of charges for each 

amino acid residue in Table 1 was calculated across a pH range from 1.0 to 13.5. The net 

charge of a single protein was approximated as the sum of the charges from all residues. 

By using the molecular weight and mass fraction of individual caseins, the casein mixture 

was “idealized” as one molecule superimposed from four types of caseins. The net charge 

of this idealized casein is presented in Fig. 6. The curve shape was similar to αs1 and β 

casein because these two caseins are most prevalent. Accordingly, the casein mixture had 

no charge at a pH close to 4.6, consistent with the well-known isoelestric point of casein, 

and the mixture showed a monotonic increase in the net negative charge with pH above 

this pI. 

Colloidal interactions at various pH values 

Floc formation is regulated by interaction energies between protein particles. In 

the classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, the interaction 

energies originate from attractive van der Waals forces and repulsive electrostatic 

interactions (Verwey and Overbeek, 1948). The van der Waals interaction between two 

identical spheres can be estimated with Eq. (2) (Russel et al., 1989), and the electrostatic 

interaction for a constant surface potential lower than 25 mV can be estimated by Eq. (3) 

(Israelachvili, 1992), 
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where A is the Hamaker constant, a is the particle radius, r is the center-to-center distance 

between two particles, σ is the surface charge density, h is the separation distance 

between spheres (h = r - 2a), κ is the Debye length, and ε and εo is the relative 

permittivity of solvent and that in free space, respectively. Relative permittivity of water 

as a function of absolute temperature (T) can be expressed as (CRC, 2002) 

( ) 2 00072997.0 79069.021.249 TTT +−=ε    (4) 

 The Hamaker constant of casein is approximately 1 kBT, where kB is the Boltzman 

constant (Tuinier and de Kruif, 2002). Net charge of the casein mixtures at pH 5.8, 6.5, 

7.2, and 12 is negative: 9.2, 11.7, 12.7, and 38.9, respectively. At the physiological pH of 

milk (pH 6.7), the zeta-potential (an approximation of surface potential) is – 8 mV 

(Tuinier and de Kruif, 2002). Because surface potential is proportional to surface charge, 

the electrostatic interaction can be estimated by Eq. (3) for different pH values. At pH 12, 

the estimated surface potential was -26.1 mV, only slightly higher than -25 mV. The Eq. 

(3) is still likely to be a good approximation. The Debye length was estimated to be 0.28 

nm (κ -1 = 3.288 I nm-1, and I is the ionic concentration in M), indicating electrostatic 

interactions were only significant at very short separation distances. 

 Individual casein molecules tend to form micelles at a concentration above the 

critical micelle concentration, as demonstrated in previous studies on β-casein and κ-

casein micelles (de Kruif and Grinberg, 2002; O’Connell et al., 2003; Leclerc and 

Calmettes, 1997a,b, 1998; Andrews et al., 1979; Evans and Phillips, 1979; Rollema et al., 

1988; de Kruif and May, 1991). These micelles are roughly 10 nm in diameter with a 

slight variance in size and aggregation number at different temperatures. Despite the 
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chance of forming hybrid micelles, the individual casein micelles can be naturally 

hypothesized as the constructing units of a rennet casein gel network, because micelle 

formation has been observed at a temperature as high as 70 °C. 

Using 10 nm as the particle diameter along with previously described parameters, 

the interactions were calculated as a function of separation distance. The estimations at 5 

and 80 °C are shown in Fig. 7 for pH 5.8 and 12. The van der Waals interactions always 

dominated electrostatic forces, as estimated for many protein systems (Tuinier and de 

Kruif, 2002; Ikeda and Nishinari, 2000, 2001; Petsev and Vekilov, 2000). This response 

suggests that other forces stabilize protein particles at high temperatures.  

Casein molecules are flexible (Andrews et al., 1979; Holt and Sawyer, 1993), and 

a casein particle surface has functional groups protruding into solution. When two 

particles approach at a high temperature, the overlapping of protruding groups from two 

protein particle surfaces provides a steric-hydration force that stabilizes the protein 

(Leckband and Israelachvili, 2001). The repulsive steric-hydration force becomes less 

and less significant upon cooling because the motion of the surface is weaker at a lower 

temperature. At a “critical” temperature, the attractive van der Waals force predominates, 

and protein particles aggregate into flocs. 

Physical explanation of pH effects 

A rennet casein network is a collection of fractal casein flocs (Fig. 8), and the 

strength of this network is determined by the density of flocs (cross-links). The difference 

in rheological and microstructural observations is hypothesized to have originated from 

protein conformation effects. At a lower pH, protein has less charge and thus a smaller 
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repulsive electrostatic interaction (Israelachvili, 1992). With additional contributions 

from stronger attractive hydrophobic interactions (Mellema et al., 2000), sections of 

protein molecules approach each other at a lower pH, resulting in a smaller effective size 

of protein particles (Fig. 9A vs. 9B). When packing casein particles into flocs of similar 

sizes, less particles are present in a floc at a higher pH (Fig. 9C vs. 9D), resulting in a 

smaller fractal dimension.  

The model system had an identical amount of casein molecules and particles 

before cooling. To accommodate, Equation (1) was revised to Eq. (5) to account for all 

protein particles in a network. For a given amount of particles, the amount of flocs had a 

greater dependence on the exponent (fractal dimension) than the base (Rf / a). At a higher 

pH, particle diameter was greater, and the fractal dimension was smaller. On the other 

hand, there was no trend in floc size as a function of pH (Table 2). All three aspects 

translated into a greater amount of flocs (Nf,tot) at a higher pH, as supported by the 

microscopy images. At a lower pH, the number of flocs was insufficient to form a 

continuous network, while more cross-links among flocs generated a stronger gel at a 

higher pH. 

fD
f

tot,ftot,p a
RN~N 






      (5) 

where Np,tot is the total number of protein particles, and Nf,tot is the total number of flocs. 

 During cooling, flocs were formed, and the cross-linking of flocs is an indication 

of the gelation process. Due to the lack of a universally accepted gel point definition, a 

phase angle of 45° was used (Ross-Murphy, 1995). Phase angle evolution for gels at 
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different pH values are presented in Fig. 10. Clearly, the gelation occurred at a higher 

temperature for gels at a higher pH. The observation resulted from more flocs at a higher 

pH that simplified floc cross-linking. 

Analogy between salt and pH effects on globular protein systems 

“Salting-in” and “salting-out” are terms describing the salt-dependent solubility: 

an initial increase in solubility (salting-in) with salt addition, followed by protein 

flocculation (salting-out) at high salt concentrations (Curtis et al., 2002). The interaction 

between the charged protein surface and surrounding ions was favored at a low salt 

concentration, increasing protein solubility. On the other hand, the interactions between 

salt and the non-polar protein surface were favored at a high salt concentration, 

decreasing protein solubility. Favorable solution-protein interactions increase the protein 

size. There thus may exist an analogy between salt and pH effects on globular protein 

conformation and gel structure. 

Salt effects on rennet casein gels have been sparsely studied. However, the 

structure developments are similar between whey and rennet casein systems, and salt 

effects on the whey protein gel rheology and structure have been investigated 

extensively. Salt effects on a heat-set whey protein gel structure may be correlated with 

the sequential network development. Initially, heat denatures whey proteins, promoting 

formation of particles from protein molecules. These particles form into aggregates of the 

sub-micron size (Verheul et al., 1998). In the “salting-in” regime, the effective protein 

particle size is increased because of favorable interactions between salt and the polar 
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portion of protein, decreasing the fractal dimension of flocs. In the “salting-out” regime, 

protein particles are smaller, and fractal dimension of flocs can be greater.  

The trend of salt effects on fractal dimensions of whey protein gels was clearly 

demonstrated by the work of Ikeda et al. (1999): an initial decrease in fractal dimension 

followed by an increase in fractal dimension as salt concentration increased. On the other 

hand, aggregates appear to be coarser and bigger at a higher salt concentration (Verheul 

et al., 1998). Combining these aspects, Eq. (5) dictates that the amount of flocs first 

should increase and then decrease with salt concentration. As the number of cross-links is 

determined by the amount of flocs, the changing trend in storage modulus reported by 

Ikeda et al. (1999) was consistent with this analysis: an increase in storage modulus to a 

sodium chloride concentration of 100 mM, followed by a decrease in storage modulus at 

a higher salt concentration. Gels showing the maximum storage modulus had the smallest 

fractal dimension. 

Verheul et al. (1998) and Verheul and Roefs (1998) also reported a decrease in 

storage modulus with an increase in sodium chloride concentration from 0.1 to 3.0 M 

with a lower pH closer to the isoelectric point of whey at a higher salt concentration. A 

smaller storage modulus was consistent with a higher permeability coefficient for a gel at 

a higher salt concentration because of fewer, larger flocs. The same trend was obtained 

for whey protein gels at a NaCl concentration range between 200 and 400 mM as 

reported by Marangoni et al. (2000), who also reported an increase in storage modulus 

followed by a decrease when CaCl2 concentration was increased. 
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The specific binding between calcium ions and protein attracts the proteins closer, 

yielding a higher fractal dimension of flocs as verified by light scattering experiments 

(Vreeker et al., 1992). Marangoni et al. (2000) also obtained a higher fractal dimension 

for whey proteins with CaCl2 than that with NaCl at the same ionic concentration using 

the scaling theory developed by Shih et al. (1990). The fractal dimension also increased 

with CaCl2 concentration. If the number of flocs is used to evaluate the strength of a gel 

according to Eq. (5), a gel including CaCl2 is weaker than that including NaCl at the same 

ionic concentration as demonstrated by the storage modulus data from Marangoni et al. 

(2000).  

 Apparently, the changing trends of rheological data as a function of salt 

concentrations and types for whey protein gels are consistent with the analysis from pH 

effects on rennet casein systems. The rationale originated from similar structure 

development steps for globular protein systems. Chemical variables, such as pH and salt, 

affect inter- and intra-protein interactions and thus protein particle size. During self-

assembling, this effective size determines the number of particles within a floc, i.e. fractal 

dimension, which subsequently dictates the amount of flocs and thus the strength and 

microstructure of globular protein gels.   

 
Conclusions 

 Rennet casein gels showed a dramatic increase in storage modulus as pH was 

increased from 5.8 to 12. Both rheology and microscopy demonstrated a discontinuous 

network at pH 5.8 and 6.5 and a continuous structure at pH 7.2 and above. The 

monotonic increase in storage modulus with pH was consistent with the number of net 
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(negative) charges estimated from the amino acid sequences of caseins according to the 

Henderson-Hasselbalch equation. An examination of colloidal interactions revealed that 

non-DLVO forces stabilized protein systems at high temperatures. This force was 

speculated to be the steric-hydration force from the thermal motion of the flexible casein 

particle surface, because this repulsive force decreases during cooling, enabling the 

aggregation of protein particles. Protein particles are smaller at a lower pH due to weaker 

electrostatic and stronger hydrophobic interactions. It was hypothesized that a system of a 

lower pH has a higher fractal dimension, resulting in less flocs and a weaker structure. 

The concepts proposed here are also applicable to the salt effects on whey protein gels. 
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Table 1. Parameters used to estimate the number of net charges for casein mixture (Swaisgood, 1993) 
 

Amino acid pKa αs1-casein αs2-casein β-casein κ-casein 

Asp 3.86 7 4 3 4 

Glu 4.25 25 24 12 19 

His 6.00 5 3 3 5 

Tyr 10.07 10 12 9 4 

Lys 10.53 14 24 9 11 

 

Number of 

charged  

groups 

Arg 12.48 6 6 5 4 

Molecular weight 23,623 25,238 19,006 23,988 

Amount in milk (gram/liter milk) 9 3 9 4 
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Table 2. The averages and standard variations of floc sizes at different pH values 
 

Floc size (µm) 
pH 

Average Standard deviation 

5.8 0.30 0.08 

6.5 0.32 0.08 

7.2 0.43 0.10 

12 0.29 0.07 
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Fig. 1. Storage moduli of 15% rennet casein gels at different pH values during cooling at 0.5 °C/min 



 177

 

Frequency (Hz)

0.001 0.01 0.1 1 10 100

G
' o

r 
G

" 
(P

a)

10

100

1000

10000

Fig. 2. Mechanical spectra of 15% rennet casein gels at pH 5.8 (circles) and 7.2 (triangles) after cooling to 5 °C 
at 0.5 °C/min. Filled symbols are for storage modulus, and open symbols are for loss modulus. 
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Fig. 3. Mechanical spectra of 15% rennet casein gels at pH 6.5 (circles) and 12 (triangles) after cooling to 5 °C at 
0.5 °C/min. Filled symbols are for storage modulus, and open symbols are for loss modulus. 
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Fig. 4a. Microstructure of 15% rennet casein gel at pH 5.8. Bar = 20.0 µm 
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Fig. 4b. Microstructure of 15% rennet casein gel at pH 6.5. Bar = 20.0 µm 
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Fig. 4c. Microstructure of 15% rennet casein gel at pH 7.2. Bar = 20.0 µm 
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Fig. 4d. Microstructure of 15% rennet casein gel at pH 12. Bar = 20.0 µm 
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Fig. 5. Microstructure of rennet casein gel at pH 5.8 when zoomed further from Fig. 4a. Bar = 2.0 µm 
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Fig. 6. Estimated casein mixture net charge as a function of pH 
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 Fig. 7. Sum of van der Waals and electrostatic interactions at pH 5.8 and 12 for temperatures of 278 and 353 K 
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Fig. 8. An illustration of a rennet casein network. Smaller filled circles stand for particles, while bigger open 
 circles are arbitrary boundaries for flocs. 
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Fig. 9. Structures of protein particles and flocs as a function of pH. At a lower pH, protein particles 
 are smaller (A) than at a higher pH (B). For a similar floc size, fractal dimension is greater at 
 a lower pH (C) than that at a higher pH (D). 
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Fig. 10. Phase angles of rennet casein gels at different pH values during cooling at a rate of 0.5 °C/min. The drawn 
 line is an indication of a phase angle of 45°. 
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Abstract 

A slower cooling rate during processed cheese production generates a firmer 

cheese. To help interpret cooling mechanisms, a model protein system containing casein 

and emulsifying salts, similar to those in processed cheese analogs, was formulated and 

further adjusted to a pH range from 5.8 to 12 because of the significance of pH effects on 

casein functionality. The model gel systems were cooled from 80 to 5 °C at four rates 

(0.5, 0.1, 0.05, and 0.025 °C/min), which compares to the range where industrial products 

are cooled approximately 0.05 °C/min. Rheological data showed that the storage moduli 

were higher for casein gels at higher pHs, coinciding with the number of net (negative) 

charges on casein. The mechanical spectra displayed a cross-over between storage and 

loss modulus for gels at pH 5.8 and 6.5 even at a protein concentration as high as 18%, 

while storage modulus dominated loss modulus for gels at higher pHs. Cooling rate did 

not show a trend in affecting gels at pH 5.8 and 6.5, while a slower cooling rate generated 

a firmer gel at pH 7.2 and 12. To interpret the physical origin of cooling effects, doublet 

formation theory was applied to describe the first step of protein particle aggregation. At 

a lower pH, the time required to form doublets was shorter due to a stronger attractive 

force, and cooling rate could not significantly affect the amount of doublets formed. Thus 

there was no significant difference in the amount of flocs, and the gels did not show a 

trend in rheology with cooling conditions. At a higher pH, however, repulsive forces 

between particles are stronger, and the doublet formation time was comparable to the 

time for a temperature change during the cooling. At a faster cooling rate, protein 

particles experience shorter time within a constant temperature range. The strong 

repulsive forces help generate fewer doublets and ultimately fewer flocs, generating 

fewer cross-links and therefore a weaker gel. Cooling and pH thus provide two ways of 

manipulating properties of casein gels and processed cheese.
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Introduction 

Processed cheese products are usually manufactured by shredding or 

comminuting natural cheeses, blending these cheeses with other ingredients, thermal 

processing, hot filling, packaging, and finally cooling the products (Fox et al., 2000). 

Processed cheese quality is therefore derived from both formulating and processing 

conditions. The age and type of natural cheeses, protein/fat ratio, pH, moisture, amount 

and type of the emulsifying salts, and whey protein concentration are possible factors 

determining cheese functional properties (Shimp, 1985). As far as processing conditions 

are concerned, a proper combination of mechanical history (agitation time and rate), 

thermal history (temperature and time), and cooling history is needed to produce a 

product with desired functional properties, e.g. melt-ability and slice-ability (Glenn, 

2002; Fox et al., 2000; Carić and Kaláb, 1993). 

As cooling is the final stage during processed cheese production, the 

microstructure formed during cooling strongly impacts final product quality and 

functionality. Carić and Kaláb (1993) gave a rule of thumb based on manufacturers’ 

experiences: the faster the cooling, the softer the product (Fig. 1). Solidification 

(crystallization) of fat, protein-protein interactions, and protein-fat interactions are critical 

aspects for forming a matrix during cooling (Fox et al., 2000). A faster cooling rate has 

been shown to yield smaller fat crystals (Lopez et al., 2002), and a firm cheese results 

from more, smaller fat crystals (Tunick et al., 1990). Protein, on the other hand, is the 

continuous network in processed cheese (Shimp, 1985), but the cooling effects on protein 

network formation are poorly understood. An understanding of protein network 
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formation at different cooling conditions may help unveil cooling rate effects within 

processed cheese and its analogs. 

During thermal processing, the added emulsifying salts, e.g. disodium phosphate, 

sequester calcium inside the casein micelles, disintegrating casein micelles into smaller 

units and increasing protein solubility (Carić and Kaláb, 1993; Fox and McSweeney, 

1998). During the subsequent cooling, rennet casein molecules form into particles to flocs 

and eventually to a network. Casein flocs are fractal objects whose size, Rf, and the 

number of particles in a floc, Np, scales as shown by Eq. (1). For a given amount of 

protein particles of a fixed size, Np,tot, the amount of flocs, Nf,tot, can be affected by floc 

size or fractal dimension, as suggested by Eq. (2), 

fD
f

p a
R~N 






      (1) 

fD
f

tot,ftot,p a
RN~N 






     (2) 

where a is the size of particles, and Df is the fractal dimension  (Bremer et al., 1989, 

1993). Smaller flocs of a same fractal dimension or similar flocs of a smaller fractal 

dimension dictate a larger Nf,tot, which generates more cross-links among flocs and thus a 

stronger structure.  

To study thermal rate effects on the structure and rheology of processed cheese, a 

model rennet casein system, based on a processed cheese analog studied by Foegeding 

and co-workers (Bowland and Foegeding, 1999, 2001; Dees, 2002), was formulated with 

pH adjustment. Furthermore, because pH is a dominant factor affecting the 
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microstructure of casein gel systems (Lucey et al., 1998a; Rowney et al., 1999), the 

model system was also adjusted to pH conditions beyond processed cheese products.  

The objective of this work was to study the rheology and microstructure of the 

model rennet casein system at different pH and cooling conditions. Fractal theory and 

colloidal interactions were used to interpret the observations at different cooling rates and 

pH values. Through such an understanding, functional properties of casein-based food 

gels may be better controlled through physical or chemical manipulation. 

 

Materials and methods 

Materials 

Rennet casein powder was purchased from New Zealand Milk Products (USA), 

Inc. (Lemoyne, PA). The protein content of casein powder was 81.5%, as determined by 

the Analytical Services Laboratory (Raleigh, NC) using a Perkin-Elmer PE 2400 CHN 

Elemental Analyzer (Perkin Elmer Corp., Norwalk, CT). Food grade monosodium and 

disodium phosphates were donated by Rhodia, Inc. (Cranbury, NJ), and salt (sodium 

chloride) was bought from a local store. 

Gel sample preparation 

Rennet casein gels included 15 to 18% (w/w) protein according to the formulae in 

Table 1. At conditions without pH adjustment (pH 7.2), deionized water was heated to 

80°C, followed by the dissolution of salts. Rennet casein powder was then dissolved into 

solution with a rotating stir bar. At this point, the sample appeared to be a viscous paste. 

With overnight storage in a refrigerator at 5°C, the system formed a gel. For pH 
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adjustment (5.8, 6.5, or 12), 95% of water was first used to dissolve salts, and the solution 

pH was adjusted by drop-wise addition of 6 N HCl or 6 N NaOH. The remaining water 

was then supplemented, and the sample preparation followed the aforementioned steps. 

Rheological measurements 

Small amplitude oscillatory tests were performed using a couette geometry (cup 

ID = 2.7 cm, bob OD = 2.5 cm) and a Bohlin VOR rheometer (Bohlin Reologi, Inc., 

Cranbury, NJ). Initially, fourteen grams of gel sample was loaded into the cup, and the 

opening was covered with parafilm. After the rheometer reached 80 °C, the cup with 

sample was loaded and incubated for 6 min at 80 °C to melt the gel. The film was 

removed, and the bob was lowered into measurement position. Excessive sample was 

removed, a mineral oil layer was applied to the sample surface, and a sealed cap was 

placed on the cup to minimize moisture loss. A sample was equilibrated at 80 °C for 30 

minutes, then subsequent samples were cooled to 5 °C at four rates (0.5, 0.1, 0.05, and 

0.025 °C/min). A 1% strain and an oscillation frequency of 1 Hz were used during 

cooling. Following oscillation, a strain sweep was performed at a frequency of 1 Hz or a 

frequency sweep test was performed at 1% strain after equilibrating for 30 min at a 

temperature of 5 °C.  

All samples involved in the experiments were weighed before and after test to 

evaluate moisture loss. The data recorded no statistical significance to the moisture loss 

effects for different cooling conditions. Furthermore, all strain sweep tests showed a limit 

of linear viscoelastic regime much greater than 1%, validating selected oscillatory 

parameters. 
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Confocal laser scanning microscopy 

 Microscopy has been a powerful tool for studying the microstructure of protein 

gels and dairy products (Mellema et al., 2000; Verheul et al., 1998). Confocal laser 

scanning microscopy (CLSM) is especially useful because this technology requires 

minimum sample preparation, avoiding possible structure degradation. The area for laser 

scanning can be precisely controlled, and structure below the surface can be observed. 

This aspect avoids surface effects and enables the observation of a relatively thick 

sample, incapable of observation using normal light microscopy. The CLSM has been 

used for casein gels (Lucey et al. 1998b; Mellema et al, 2000) and cheeses (Pereira et al., 

2001; Guinee et al., 2000; Everett et al., 1995), and observation of individual flocs may 

be possible at sufficient magnification. 

The CLSM experiments were performed on an Olympus Fluoview FV 300 

Confocal Laser Scanning Biological Microscope (Olympus, Tokyo, Japan) with a 100x 

immersion oil objective. The laser was operated at 488 nm and a scanning aperture of 3.0 

was used. The CLSM provided greater magnification that enabled the observations of 

individual flocs of a size smaller than 1 µm. The samples were observed at different 

horizontal and vertical positions. 

Samples were taken from the bottom of the rheometer cup after rheological 

analysis at a defined cooling rate, and were applied as thin layers on glass slides. For the 

gels at pH 5.8, microscopy was performed on four protein concentrations cooled at four 

rates. For pH 6.5, gels were studied at all four concentrations at a cooling rate of 0.5 
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°C/min, and an additional test was performed on a 15% gel cooled at 0.025 °C/min. For 

gels at 7.2 and 12, gels at 15% protein were studied at four cooling rates. 

Image analysis 

 The microscopy images were first converted to gray scale using Adobe Photoshop 

5.5 software (Adobe, San Jose, CA), and the aggregate size was measured using Scion 

Imaging software (version Beta 4.0.2, Scion Corporation, Frederick, MA). Average 

aggregate sizes and standard deviations were obtained from more than 200 random 

measurements. 

 

Results and discussion 

 Rheological and microscopy results were grouped according to cooling rate 

effects. The results were discussed with respect to pH effects on protein charge, colloidal 

interactions, and protein conformation. Furthermore, fractal theory was applied to 

describe rennet casein structure. Protein charge and conformation were correlated with 

fractal dimension, while doublet formation theory was adopted to interpret cooling rate 

effects and the competition between the cooling process and colloidal interactions at 

various pH conditions. 

Rheological data at pH 5.8 and 6.5 

Cooling rate did not affect the storage modulus (G′) of rennet casein gels at pH 

5.8 and 6.5 for any concentration. Figures 2 and 3 present two examples for 18% protein 

at pH 5.8 and 15% protein at pH 6.5, respectively. After cooling to 5 °C, the mechanical 

spectra showed a cross-over between storage and loss modulus even at 18% protein (Fig. 
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4): an indication of a solution-like behavior at these two pHs (Evans and Wennerstöm, 

1999; Ross-Murphy, 1994). 

Rheological data at pH 7.2 and 12 

 Cooling rates had similar effects on gels at pH 7.2 and 12 as the observations on 

processed cheese: a stronger gel at a slower cooling rate (see Fig. 6 for 15% protein at  

pH 12). As anticipated, mechanical spectra displayed the dominance of storage over loss 

modulus (Fig. 5), indicating the presence of a continuous network at these two pHs. 

Apparently, storage modulus was greater at a higher protein concentration, a lower 

temperature, and a higher pH. The dependence of storage modulus on cooling rates only 

occurred for systems with a continuous network, gels. 

Microscopy data 

 Microscopy images showed a discontinuous network at pH 5.8 and 6.5 for all 

protein concentrations and cooling rates studied. Figures 7a and 7b are two examples for 

18% rennet casein at pH 5.8 and 6.5, each cooled at 0.5 °C/min, respectively. On the 

other hand, gels at pH 7.2 and 12 formed a continuous network even at a relatively low 

protein concentration (Fig. 7c and 7d). Microscopy results were consistent with the 

observations from rheological data, as the solution-like system (discontinuous network) 

showed a cross-over of storage and loss moduli (Evans and Wennerstöm, 1999; Ross-

Murphy, 1994).  

 With the additional magnification provided by CLSM, individual flocs were 

identified, as exemplified in Fig. 8 for an 18% rennet casein gel at pH 5.8. The floc sizes 

from more than 200 measurements are presented in Table 2A for rennet casein at pH 5.8 
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and 6.5. Floc size increased with cooling rate for two concentrations (15% and 18% 

protein) at pH5.8, but showed no trends at other concentrations. Floc size also did not 

show a concentration dependence, similar to Le Bon et al. (1999). The independence of 

floc size on casein concentration was also observed for caseins at pH 6.5 cooled at 0.5 

°C/min. For 15% casein at pH 6.5, cooled at 0.025 °C/min, floc size was slightly greater 

than that cooled at 0.5 °C/min. The dependence of floc size on cooling rates was obvious 

at pH 7.2 and 12: a slower cooling rate generated smaller flocs (Table 2B). 

Colloidal interactions and fractal dimension as affected by pH 

Protein has zero net charge at the isoelectric point (pH 4.6 for casein), but the 

amount of net negative charge increases monotonically with pH (above the isoelectric 

point) according to the Henderson-Hasselbalch equation. At a pH closer to pI, 

electrostatic interactions are weaker, and hydrophobic interactions are stronger for casein 

(Mellema et al., 2000). The overall interaction is more attractive, and segments of casein 

molecules are attracted to a closer separation, resulting in a smaller particle size at a 

lower pH. During aggregation at a lower pH, more, smaller casein particles are packed 

into a defined volume (floc size), generating a higher fractal dimension.  

Given a certain amount of protein particles of a defined size, the scaling Eq. (2) 

substantiates that the floc number, Nf,tot, is greater for smaller flocs of similar fractal 

dimension or similar floc sizes of a smaller fractal dimension. More flocs deliver a larger 

amount of cross-links and thereby a stronger gel. For the model system at a fixed casein 

concentration and cooling rate, floc size did not demonstrate a trend of pH dependence 

(Table 2A and 2B). The monotonic increase in gel strength (higher G′) with pH at the 
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same protein concentration may have resulted from a smaller fractal dimension due to 

bigger particles, dictating more flocs and thereby more cross-links. 

Fractal dimension determined from scaling theory 

 Shih et al. (1990) divided particle gels into two regimes: strong-link regime and 

weak-link regime. In the strong-link regime, links between flocs are stronger than those 

within flocs, while links between flocs are weaker in the weak-link regime. Two sets of 

equations were developed to scale an elastic constant, K, and the limit of linear 

viscoelasticity, γo, with protein volume fraction, φ. Equations (3) and (4) represent a 

strong-link regime, and Eq. (5) and (6) describe the weak-link regime, 

( ) )/(33 fDxK −+∝φ      (3) 

( ) )/(31 fDx
o

−+−∝φγ      (4) 

)/(31 fDK −∝ φ       (5) 

)/(31 fD
o

−∝φγ       (6) 

where x, varying between 1.0 and 1.3, is the backbone fractal dimension of the flocs. 

A decrease in γo with φ classifies a system as a strong-link regime, dictated by Eq. 

(4). The model system demonstrated this behavior at pH 7.2, while strain sweep tests at 

other pH values did not give an identifiable γo. By replacing K with G′, similar to Ikeda et 

al. (1999), fractal dimensions did not show cooling rate dependence and were determined 

to be approximately 2.35 at pH 7.2 and 2.21 at pH 12. The similarity in floc fractal 

dimension at different cooling rates was a result of similar interactions for gels of the 

same chemical compositions. Additionally, a smaller fractal dimension creates a smaller 
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exponent according to Eq. (3). Because the volume fraction is less than unity, a smaller 

exponent indicates a more significant dependence of storage modulus on volume fraction. 

The dependence of storage modulus on fractal dimension and storage modulus on pH is 

thus consistent with the aforementioned concept. 

The model developed by Shih et al. (1990) was based on the relative strength of 

links upon deformation. Because the network was discontinuous at pH 5.8 and 6.5, the 

application of Eq. (3) was questionable. The fractal dimensions of casein gels at these 

two pH values were not estimated even though the exponents were greater, yielding a 

higher fractal dimension. There is a need of a new scaling theory to describe a wider 

range of protein systems. 

Fuchs stability ratio and the significance of cooling rate and pH 

 The dependence of rheological data on pH is monotonic, while cooling rate 

effects are not as straightforward. For a discontinuous network at pH 5.8 and 6.5, no 

trend of cooling effects was observed. On the other hand, a slower cooling rate delivered 

a stronger gel for a continuous network at pH 7.2 and 12. To interpret cooling and pH 

effects, the kinetics of the process, in addition to colloidal interactions, shall be addressed 

because the interactions are similar at different cooling schedules. The doublet formation 

theory provides a possible approach addressing both interactions and time variables. 

Formation of doublets is the initial stage of flocculation through the aggregation 

of two particles, followed by the growth of flocs from the addition of remaining particles 

to the established doublets  (Russel et al., 1989). This aggregation process can be defined 

as diffusion-limited (DLA) or reaction-limited (RLA), depending on particle interactions. 
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When particles approach, particle interaction energy is smaller than thermal energy for 

DLA, and the particles are bonded irreversibly upon contact. For RLA, bonding is not 

guaranteed for each contact because the repulsive barrier is large compared with the 

thermal energy. The flocculation is thereby slow because particles “stick” to each other 

before trying different configurations, generating a fractal dimension typically greater 

than 2.0 (Meakin, 1999). 

 The rate of flocculation (J) is correlated with the total interaction energy (Wtot) by, 
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where kB is the Boltzman constant, T is the absolute temperature, µ is the viscosity of 

solvent, a is the particle radius, r is the center-to-center distance between particles, and 

G(r) is the density distribution of protein particles (Russel et al., 1989). 

At the time (t) when doublet formation occurs, the flocculation rate can be 

correlated with the disappearance rate of individual protein particles by 

J
dt

dN totp −=,       (8) 

Transforming variables for a linearly decreasing temperature, the actual doublet 

formation rate at a specific temperature can be expressed as,  

tTT o  α−=       (9) 
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α
=       (11) 
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where To is the initial temperature, and α is the absolute cooling rate in °C/min. At the 

condition where each contact delivers an irreversible bonding scenario, the maximum rate 

of flocculation (Jo) is (Russel et al., 1989) 

3  
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a
TkNJ B

tot,po µπ
φ

=      (12) 

The ratio of Jo/J is the Fuchs stability ratio (F) defined in Eq. (13), and the characteristic 

time for doublet formation (tp) can be expressed as Eq. (14) (Russel et al., 1989). 
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The accurate prediction of Fuchs stability ratio and doublet formation time 

requires quantification of the total interaction energy (Wtot) as a function of temperature 

and particle separation. Challenges exist when quantifying short-range interactions for 

proteins, which are further complicated by temperature (Leckband and Israelachvili, 

2001). For example, earlier calculations established that the forces regulating protein 

particle stability were beyond the classical Derjaguin-Landau-Verwey-Overbeek (DLVO) 

theory. At current experimental conditions, the repulsive electrostatic interactions were 

effective only at a short distance because of high salt concentrations, and the attractive 

van der Waals forces always dominated the repulsive electrostatic interactions. The 

stability of the casein system at high temperatures was attributed to steric-hydration 

forces due to the thermal motion of flexible groups on protein particle surfaces, which 
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decreased upon cooling and thereby enabled protein flocculation. However, quantifying 

steric-hydration forces has proven difficult to perform. 

Despite the challenges from a quantitative analysis, qualitative speculations for 

casein interactions have been provided in some studies. It is apparent that caseins are 

easier to aggregate at a lower pH (Tuinier and de Kruif, 2002), possibly due to stronger 

hydrophobic interactions (Mellema et al., 2000) and weaker electrostatic interactions. 

Regardless of the force origin, a more attractive overall interaction energy shall exist 

between casein particles when integrated with respect to separation distance. As a result, 

the flocculation rate is greater (Eq. 7), reducing the Fuchs stability ratio (Eq. 13) as well 

as the doublet formation time (Eq. 14). If the doublet formation time is short and the time 

for a temperature change during cooling is relatively long, cooling schedules in this study 

may have imposed slight effects on the doublet formation rate. The ultimate formation of 

flocs at pH 5.8 and 6.5 was thus not affected by cooling rates, and there was no apparent 

trend in the size of the flocs, and floc number, cross-links, and rheological properties.  

At pH 7.2 and 12, gels cooled slower had more, smaller-sized flocs. This 

observation may have been caused by a doublet formation time comparable with cooling 

schemes. As a result, Eq. (11) dictated that actual doublet formation rate at the same 

temperature was greater for slower cooling rates. At these conditions, protein particles 

spent more time at a temperature enabling doublets formation, forming more doublets. 

Floc growth, the addition of individual protein particles to doublets, continued until all 

particles were depleted. More, smaller flocs were thus generated at a slower cooling rate, 

creating more cross-links between flocs and thus a stronger gel. 
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Additionally, the addition of particles to doublets creates clusters, which also have 

the tendency to aggregate during floc growth. At a lower pH, the overall interactions are 

more attractive, and clusters are easier to aggregate. As a result, a final floc includes more 

initially formed doublets at a lower pH although the initial amount of doublets could be 

greater according to Eq. (7). Eventually, more particles exist in a floc, demonstrating a 

higher floc fractal dimension, fewer flocs, and a weaker gel, as discussed previously. 

Cooling mechanisms on processed cheese 

Cooling effects on processed cheese may have originated from the fat 

crystallization confined by casein network formed during cooling. The speculation is 

supported by two aspects. On one hand, at the processed cheese pH ranging from 5.0 to 

6.5 (Carić and Kaláb, 1993), rennet casein gels did not show the same trend in rheology 

as processed cheese due to a discontinuous network. However, a more uniform structure 

developed at a slower cooling rate for the model casein system at pH 5.8 and 6.5 

(comparing Fig. 9 to 7a). On the other hand, milk fat is a significant ingredient in 

processed cheese (27% in cheese analog used by Bowland and Foegeding, 1999) and 

dramatically increases the amount of solids content after cooling, which may promote the 

formation of a continuous network. Rheological data from processed cheese 

demonstrated two regimes during cooling, and the transitions between these two regimes 

occurred at a higher temperature during a slower cooling schedule (Fig. 1). The changing 

patterns for this transition were the same as the fat crystallization temperatures during 

cooling at different rates (Lopez et al., 2002), and the transition temperatures at cooling 

rates of 0.1 °C/min (~ 20 °C) and 0.5 °C/min (~ 18 °C) were almost the same as those at 



 212

the second exotherm from differential scanning calorimetry (Lopez et al., 2002). Because 

casein structure develops prior to fat crystallization, a more uniform casein structure 

confines fat crystal sizes, which eventually generates a firmer cheese at slower cooling 

schedules.  

 

Conclusions 

 Cooling effects on rennet casein gels were observed to have two regimes 

depending on gel continuity. Gel networks were discontinuous at pH 5.8 and 6.5 and 

continuous at pH 7.2 and above. Gels at a lower pH were weaker because of fewer flocs 

determined by a smaller effective particle size and thereby a higher fractal dimension, 

yielding a discontinuous network. An analysis on the characteristic doublet formation 

time showed that when repulsive forces were small, the doublets could be formed in a 

short time, and cooling rate was not fast enough to influence doublet formation. 

Therefore the amount of doublets and thus flocs was not affected by different cooling 

schedules under the low pH conditions of 5.8 and 6.5. On the other hand, if the repulsive 

force is comparable to thermal energy at slower cooling rates, particles spend more time 

in the temperature range where doublet formation is favored, forming more doublets and 

more sites for floc growth. More flocs and thus stronger gels were formed when cooled 

slower at the high pHs (7.2 and 12). 
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Table 1. Formulae for rennet casein gels 

 

Rennet casein protein concentration (w/w) 
Amount (grams) 

15% 16% 17% 18% 

NaH2PO4 0.30 0.30 0.30 0.30 

Na2HPO4 2.50 2.50 2.50 2.50 

NaCl 2.00 2.00 2.00 2.00 

Casein powder 18.39 19.92 21.49 23.11 

Deionized water 76.81 76.81 76.81 76.81 
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Table 2A. Cooling rate effects on the floc size for the model rennet casein system at pH 5.8 and 6.5 
 

Floc size (µm) pH Protein concentration (w/w) Cooling rate (°C/min) 
Average Standard deviation 

0.025 0.28 0.06 
0.05 0.28 0.06 
0.1 0.29 0.06 

15% 

0.5 0.30 0.08 
0.025 0.30 0.07 
0.05 0.33 0.08 
0.1 0.33 0.07 

16% 

0.5 0.33 0.08 
0.025 0.30 0.08 
0.05 0.32 0.07 
0.1 0.28 0.07 

17% 

0.5 0.32 0.08 
0.025 0.28 0.07 
0.05 0.29 0.07 
0.1 0.30 0.07 

5.8 

18% 

0.5 0.32 0.08 
15% 0.025 0.33 0.08 

 0.5 0.32 0.08 
16% 0.5 0.29 0.07 
17% 0.5 0.31 0.07 

6.5 

18% 0.5 0.27 0.07 
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Table 2B. Cooling rate effects on the floc size for 15% rennet casein gels at pH 7.2 and 12 
 

Floc size (µm) pH Cooling rate (°C/min) 

Average Standard deviation 

0.025 0.26 0.06 

0.05 0.31 0.06 

0.1 0.35 0.08 

7.2 

0.5 0.43 0.10 

0.025 0.25 0.06 

0.05 0.26 0.05 

0.1 0.27 0.06 

12 

0.5 0.29 0.07 
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Fig. 1. Storage moduli of processed cheese during cooling at different rates
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Fig. 2. Storage moduli of 18% (protein) rennet casein gels (pH 5.8) during cooling at different rates 
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Fig. 3. Storage moduli of 15% (protein) rennet casein gel (pH 6.5) during cooling at different rates 
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Fig. 4. Mechanical spectra of 18% (protein) rennet casein gel (pH 5.8 – triangles, pH 6.5 - circles) at 5 °C after 
cooling at 0.5 °C/min. Filled symbols are for storage modulus, and open symbols are for loss modulus. 
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Fig. 5. Mechanical spectra of rennet casein gels at pH 7.2 (15% protein, cooling rate of 0.05 °C/min, circles) and pH 12 
(17% protein, cooling rate of 0.5 °C/min, triangles) at 5 °C. Filled symbols are for storage modulus, and open symbols are 
for loss modulus. 
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Fig. 6. Storage moduli of 15% (protein) rennet casein gels (pH 12) during cooling at different rates 



 222

 

Fig. 7a. Microstructure of 18% (protein) rennet casein gel (pH 5.8) after cooling at 0.5 °C/min. Bar = 20.0 µm 
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Fig. 7b. Microstructure of 18% (protein) rennet casein gel (pH 6.5) cooled at 0.5 °C/min. Bar = 20.0 µm 
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Fig. 7c. Microstructure of 15% (protein) rennet casein gel (pH 7.2) cooled at 0.1 °C/min. Bar = 20.0 µm 
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Fig. 7d. Microstructure of 15% (protein) rennet casein gel (pH 12) cooled at 0.1 °C/min. Bar = 20.0 µm 
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Fig. 8. Microstructure of 18% (protein) rennet casein gel (pH 5.8) after cooling at 0.5 °C/min. Bar = 2.0 µm 
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Fig. 9. Microstructure of 18% (protein) rennet casein gel (pH 5.8) after cooling at 0.025 °C/min. Bar = 20.0 µm 
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