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Abstract
A large amount of cheese today is used as an ingredient in assembled foods or processed in some way.
Cheese used in this manner needs to display specific functional properties like meltability and texture. The
use of vegetable fats in cheese production could potentially create a product with desired properties. The
objective of this work is to assess how the rhelogical properties of cheese can be altered by using different
vegetable fats.

Gouda-like cheese was produced from skim milk and three different types of vegetable fats with different
melting properties. A control cheese with butter fat was also produced. The functional properties of the
cheeses were measured using rhelogical methods; uniaxial compression, stress-relaxation and small
amplitude oscillatory shear. In addition, composition analysis was perfomed to ensure similar composition
in the different types of cheese. Confocal laser microscopy was used to visualize the microstructure.

It was determined that all types of cheese showed similar composition, regardless of type of fat used in
production. Microscopy revealed a cheese-like structure for all products, but differences in fat distribution
and form. The rheological properties were found to be different depending on type of fat used. Some of
these differences, but not all, could be related to the melting properties of the specific type of fat used.
These results indicate that with further research it could be possible to produce cheese-like products with
desirable functional properties by using different vegetable fats.
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SVENSK SAMMANFATTNING

Mycket av den ost som idag produceras används som ingredients i olika matprodukter, eller

processas på något sätt. Användning av ost på detta sätt ställer ställer krav på hur osten beter

sig när den utsätts för exempelvis upphettning eller rivning. Tilltalande textur och

lätthanterlighet är eftersträvansvärt. Olika produktionsmetoder för att uppnå sökta egenskaper

finns att tillgå.

Användandet av vegetabiliska fetter i ostproduktionen skulle potentiellt kunna vara en sådan

produktionsmetod. Målet med detta arbete är att undersöka den möjligheten genom att

producera ostar av gouda-typ från fettfri mjölk blandad med olika vegetabiliska fetter med

varierande smältegenskaper, samt ost tillverkad med smörfett att använda som kontroll och

referens. De vegetabiliska fetterna som används för ostproduktion är rapsolja, palmolja och

mjölkersättningsfettet akoroma.

Dessa ostar undersöks genom att mäta deras respons på kontrollerad deformation och

upphettning med känslig utrustning. För att säkerställa att ostproduktionen genomförs korrekt,

analyseras komposition på mjölk, vassle och den färdiga osten. Då mikrostrukturen på en ost

har viktigt inverkan på en osts egenskaper analyseras även ostarna mikroskopiskt.

Kompositionen hos alla ostar var likartad och den mikroskopiska strukturen var ostliknande,

med ett kontinuerligt nätverk av mjölkprotein med suspenderade fettpartiklar. Beroende på

vilken typ av fett som använts skilde sig dock fettpartiklarna åt med avseende på distribution

och form.

Egenskaperna ostarna uppvisar vid deformation och upphettning kan till viss del, men inte

helt, förklaras med smältegenskaperna hos den typ av vegetabiliskt fett som använts. De

erhållna resultaten tyder på att med vidare studier och tester skulle en ost-liknande produkt

med önskvärda egenskaper kunna produceras med hjälp av olika vegetabiliska fetter.
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INTRODUCTION

A large amount of the cheese that is produced today is subjected to some form of processing

prior to sale and consumption, or is used in assembled foods. The properties of the cheese

determine how well suited it is for use in this manner (Guinee, 2002).

Emulsions and gels

Many types of food are dispersed systems. Two types are emulsions, a liquid containing a

mixture of more than one phase, and gels, soft solids (Walstra, 1996).

Emulsions

An emulsion normally consists of two phases, one of which is suspended as droplets in the

other, which constitutes the continuous phase. Two main types of emulsions exist. The oil-in-

water emulsion and the water-in-oil emulsion. Both of these are abundant among foods.

Examples are mayonnaise, oil-in-water, and butter, water-in-oil. Creation of an emulsion is

nearly always done at a temperature at which both phases are liquid. In itself a mixture of

water and oil will not be stable. Through coalescence of the droplets it will strive towards

creating two distinct and separate layers of oil and water (Dalgleish, 2004). Coalescens occurs

when two droplets come close to one another and a rupture occurs in the thin film seperating

them, causing them to flow together, creating a new, larger droplet. Other types of emulsion

instability are aggregation, in which the droplets clump together, sedimentation, in which the

droplets fall to the bottom, and creaming, in which they float to the surface. Stability is often

achieved through surfactants; amphiphilic molecules, often proteins, which form a surface

layer on the droplets. This layer will inhibit coalescens (Walstra, 1996).

Gels

The formation of a gel, a process known as gelation, can occur through many different ways.

Examples are altered pH, heating, cooling, and change in solvent quality caused by different
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agents, such as enzymes. Gel formation can be both irreversible, such as heated egg white, and

reversible, such as a gelatin gel which will form at lower temperatures but melt when the

temperature is increased again. When a gel is formed the biopolymers that make up the gel

aggregate or become entangled with each other (McClements, 1999).

The matrix that is formed constitutes the continuous part of the gel and traps other gel

compontents, such as water and oil, which will be dispersed within the matrix (Walstra, 1996).

These dispersed components, the filler particles, will influence the properties of a gel more or

less depending on their concentration, rheological properties and filler-gel interaction which

can range from strong to non-existant. In the case of non-existant interaction there is a layer of

water between the matrix and the filler particles (Vliet, 1988).

A gel that is subjected to a small amount of stress will deform but return to its original shape

once the stress is removed, acting elastically. However if the stress is great, the gel deforms

and starts to flow in which case it will not regain its original shape. It will act viscoelastically.

The ability to retain liquids, particuly water, within its matrix is another gel property. This can

be strong which causes swelling of the gel as it gains liquid. Weak ability to retain liquid on

the other hand causes the gel to expel liquid, a process called syneresis (Walstra, 1996).

Milk

Milk, in this case bovine milk, is made up primarily of water, 85.3-88.7% w/w, with its largest

non-water components being lactose, fat and protein, constituting 3.8-5.3% w/w, 2.5-5.5%

w/w and 2.3-4.4% w/w, respectively (Walstra, 1999).

Protein content

Casein is the protein that is most abundant in milk and is defined as the protein that

precipitates at pH 4.6. There are four different main types of casein; αs1-, αs2-, β-, and κ-

casein (Walstra, 1999). αs1-, αs2- and β-casein are calcium-sensitive, meaning that they have
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an extremly low solubility in the presence of calium ions. While κ-casein on the other hand is

calcium-insensitive and contains distinct hydrophobic and polar domains. In milk they all

interact to form structures, 30 to 300 nm in diameter, called casein micelles. These, in turn,

seem to comprise of a large number of submicelles, 10-20 nm in diameter (Swaisgood, 1996).

Concerning exact micelle structure and cause for stability there exists more than one theory.

One such theory holds that the submicelles are held together by hydrophobic bonds and salt

bridges, thus producing the casein micelle. Stability of the micelle is achieved by having

submicelles rich with calcium-insensitive κ-casein on the surface of the micelle, with the

hydrophilic part of the κ-casein sticking out as hairs on the outside (Walstra, 1999). In

addition to this the casein micelle has a negative charge which will cause it to repel other

micelles (Lucey, 2007).

Other proteins are serum proteins, often called whey proteins. They are mostly globular

proteins such as immunoglobulins (Swaisgood, 1996).

Fat content

Milk exist as an oil-in-water emulsion containing a large number of different lipids with the

largest bulk, about 98%, consisting of triacylglycerides. The different lipids are unevenly

distributed between fat globule interior, fat globule membrane and milk plasma (Walstra,

1999). The fatty acids and triacylglycerols in milk are very diverse, with over 400 different

fatty acids identified with varying chain length and level of unsaturation. This causes milk fat

to have a very wide melting range spanning from -40°C to +40°C. Within these temperatures

some lipids are liquid. Others are crystallized and dissolved in the liquid fat (Lopez, 2006).

The fat globules range in size from 2-6 µm, making them the largest particles in milk. The

core of the globule consists mainly of triacylglyceroler, while the membrane contains

phospholipids and cell membrane proteins, such as enzymes (Swaisgood, 1996). Upon

homogenisation, in which a high-pressure pump forces the milk through a narrow opening, the

fat globules are disrupted, forming smaller ones. This enlarges the interface between fat and



8

plasma by a factor of 5-10. Stability of the newly formed fat globules is achieved through

them being covered by proteins, mainly casein in the form of micelles or submicelles

(Walstra, 1999).

Cheese

Cheese, a fermented milk-based product, although primarily being a product of European

countries or those with european emigrants, is produced world-wide with a great range in

flavour and form (Fox, 1993).

Production

Prior to cheese production the milk is often subjected to pasteurized, a process in which the

milk is heated to a high temperature for a short time, 72ºC for 20 second for example is

commonly used. This is done in order to kill unwanted microorganisms that would otherwise

have been pathogenic or caused spolige of the cheese. In addition pasteurization inactivates

any enzymes present in the milk and denaturates serum proteins which will increase final

cheese yield due to the incoporation of these proteins into the cheese curd. Pasteurization of

the milk can also have a number of adverse effects on the production of cheese, causing slow

renneting, a weak curd and poor syneresis (Walstra, 1993).

Cheese is produced by coagulation of milk and the removal of whey. This is done by rennet or

souring which destabilise the casein system in milk. Rennet, or chymosin, is an enzyme

originally retrieved from the stomach of calfs. Today it is also avalible from genetically

engineered microorganisms. The enzyme is highly specific and causes hydrolysis the κ-casein,

destabilising the casein micelles by removing its solubility and capacity to repel other

micelles. The casein remaining after hydrolysation, often called paracasein, will initially form

small aggregates. A large network, or gel, will then form from these small aggregates,

entrapping fat globules and milk serum (Belitz, 2004).
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The following steps in cheese production are common to the production of dutch-type

varieties of cheese, such as Gouda. Other steps may be added and some may be altered.

Differens in production results in variation in cheese composition from one type of swiss

cheese to another. After the milk has coagulated due to the enzymatic activity of chymosin the

gel formed is cut into small cubes, often 8-15 mm in size, and subjected to stirring. This

promotes syneresis and resultats in curd, the coagulated casein proteins, and whey, the

expulsed water. The rate of syneresis can be increased by what is called scalding, heating of

the curd and whey. This is generally done by adding hot water. Stirring is eventually stopped,

allowing the curd to sediment and undergo partial fusion. Syneresis continues however and

can be increased by putting pressure on the newly formed cheese curd. The whey is

subsequently drained away and the curd is placed into moulds in which pressure is applied.

Finally salt is added to the cheese by submerging it in a brine solution. While salt will be

added to the cheese during brining, then net weight will decrease as water is lost

(Walstra,1993)

A fresh cheese is now produced, and while some cheeses are consumed fresh, more

commonly they undergo ripening in which microorganisms added to the milk cause the

flavour, texture and feel of the cheese to change. Ripening can last a few weeks to years as

determined by desired taste and economic factors (Fox, 1993).

The process of ripening is determined by the composition of the cheese as well as what kind

of microflora is present and the external conditions during the ripening. In hard cheese the

ripening process is uniform throughout the whole cheese, as opposed to soft cheese where

ripening begins at the surface and proceed inwards (Belitz, 2004). Involved in the ripening

process is the microflora added to the milk, secondary microflora and milk enzymes such as

proteinase and lipase. Generally enzymes are only active in cheese made from unpasteruzied

milk. Secondary microflora can be from unwanted contaminations or applied, such as surface

flora on some types of cheese. The process include glycolys, lipolys and proteolys, as well as

a number of other catabolic changes (Fox, 1993).
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Structure and composition

A cheese is essentially a gel matrix of caseins in which a number of different components are

trapped, such as fat, milk serum, minerals and bacterial cells (Everett, 2008). Fat is distributed

throughout the casein matrix and can be found forming several different structures. They can

be found as individual fat globules surrounded by a fat globule membrane, and as aggregates

of several fat globules, each with their own fat globule membrane. These aggregates can also,

through coalescence, form a single, larger fat globule, still with it’s own membrane. Finally,

there is so-called free fat which needs not be globular, lacks a fat globule membrane and fills

voids in the casein matrix. The effect these different fat structures have on cheese structure

and texture is influenced by size, number and the level of interaction between the fat and the

casein matrix (Michalski, 2006).

At temperatures below 41ºC the milk fat in cheese is partially crystallized and the size and

type of these crystals will influence the functional properties of the milk fat. Different

temperatures will lead to different formation of crystals (Lopez, 2006). During ripening in

mozzarella cheese it has been found that the fat globules will, over time, form larger fat

particles through aggregation and coalescence (Everett, 2008). In addition the casein matrix

undergoes proteolysis during ripening in which it is partially transformed into soluble protein

derivates, for example amino acids. Depending on cheese variety 20-40% of the casein will be

proteolysed. This will affect the aroma and texture of the cheese (Belitz, 2004).

Water, or milk serum, is also present within the casein matrix. Serum channels in the matrix

hold pools of water but there is also water absorbed to the casein, bound thightly to the

proteins. The casein protein will hydrate over time, swelling in the process and reducing the

amount of free water. Swelling will occur much faster in salted cheese compared to unsalted

(Everett, 2008).

There are a number of ways to analyse the different components in cheese, many supplied by

the International Dairy Federation (Pripp, 2005).
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To actually visualize the microstructure in cheese, as well as in other foods, confocal laser

microscopy, CLMS, is a valuable technique. It is capable of obtaining information from thin

optical sections within the sample, thus being able to penetrate the sample without disrupting

the structure of it (Lopez, 2007). In using CLMS various food components are labelled with

different fluorescent dyes which correspond to specific wavelengths. Lasers with relevant

wavelengths are then used to visualize different components of food separately. By sampling

several focal planes one can reconstruct a three-dimensional image of the food sample (Lorén,

2007).

Uses and applications

Cheese as a product is diversly used. Eaten as it is as well as used as an ingredient in culinary

dishes and industrially assembled foods. This diversity puts high demands on the functionality

of the cheese, defined as its behaviour during preparation and consumption. A cheese can be

subjected to a large number of processing steps, the two most common ones are heating; with

temperatures of 80-100ºC being common, and size reduction; shredding, grating et cetera. A

large number of different attributes has been identified as relating to the functionality of the

cheese. These attributes are sought through various means in cheese production (Guinee,

2002).

There is also health issues as well as economic factors associated with the use of cheese. Milk

fat is hypercholesterolemic and vegetable fats are generally cheaper than milk fat. Therefore

attempts has been made to replace it. For example with high-oleic sunflower oil modified to

emulate the short-chain fatty acid content of milk fat. It was found to be possible and the study

sought a healthier and economically feasible product that would emulate cheese (Yu, 2000).

Other attempts with vegetable fats have been made where the properties of the casein gel was

sought to be designed. This by substituting the fat of milk prior to renneting. The study shows

that the use of different oils and fat with different melting profiles does indeed result in gels

with properties that differ from one another (Karlsson, 2008).
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Rheology

Rheology is the study of deformation and flow of materials and seeks to measure the

properties of a material that determine these two attributes (Gunasekaran, 2003).

Basic rheology

Strain and stress, as well as the relationship between the two, are central to rheology. Strain is

defined as the deformation of a material while stress is defined as the force applied to a

material. Two ideal types of materials exists within rheology; solids and liquids. A true solid,

or truly elastic material, will deform when subjected to external force. It will store all applied

energy and revert back to its original shape when the force is removed. A true liquid, or truly

viscous material will on the other hand flow and dissipate all applied energy as heat. Real

materials can be found somewhere in between these two definitons. Viscoelastic materials are

those that will behave both elastic and viscous at the same time (Gunasekaran, 2003).

Strain, ε (-): deformation of a material.

Shear strain, γ (-): deformation parallel to a materials surface.

Hencky strain, εHencky (-) deformation definition often used in food rheology.

Stress, σ (Pa): force per unit area.

Young’s modulus, E (Pa): a materials resistance to axial deformation.

Elastic modulus, G’ (Pa): the elastic component of a gel.

Viscous modulus, G’’ (Pa): the viscous component of a gel.

Phase angle, δ (º): the phase difference in a small amplitude oscillatory shear test.

Tan δ, (-): the ratio of the viscous properties to the elastic properties.

(Gunasekaran, 2003).

Rheological test methods

Uniaxial compression is a type of rhelogical test which measures large deformations. It is

performed by applying a constant deformation rate unto a gel. The force is recorded as a
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function of time and from the information obtained Young’s modulus and fracture properties

can be calculated. Young’s modulus is a way to quantify a material’s stiffness. It is equal to

the slope of the stress-strain curve in its linear section. Stiff materials requires more stress to

deform and so has a higher Young’s modulus. Fracture of a gel occurs when the slope of the

stress-strain curve is zero. From this point the stress at fracture as well as the strain at fracture

can be obtained. A brittle material has a low strain at fracture and a high stress at fracture,

while a ductile material has a high strain at fracture and a low stress at fracture. For uniaxial

compression tests of food the strain is often given as Hencky strain (Gunasekaran, 2003).

εHencky = - ln where L is the current sample lenght and L0 is the intial sample

length (Gunasekaran, 2003).

A schematic illustration of an uniaxial compression test can be found below in figure 1, with L

and L0 displayed. Figure 2 is an example of a stress-strain curve obtained from uniaxial

compression. In the figure stress at fracture, strain at fracture and the linear section are

displayed. Figure 3 shows stress-strain curves for a brittle and a ductile material.

Figure 1, schematic illustration of an unixal compression test.

Stress-relaxation is another type of uniaxial testing. A constant strain is applied to a

viscoelastic gel and the stress required to maintain the strain is measured. This stress will

decrease over time, in a process known as stress relaxation. By this the relaxation time of the

material can be determined. This is the time it takes for the stress to decrease to a set amount

of intial stress. A short relaxation time means that the gel is weak (Gunasekaran, 2003).
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Figure 2, example stress-strain curve from uniaxial stress compression test.
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Figure 3, example stress-strain curves for a brittle and a ductile material.
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Small amplitude oscillatory shear, SAOS, test is another way to measure the rheological

properties of a viscoelastic material. A small sinusoidal oscillating stress or strain with a set

frequency is applied. This will generate a response in either stress or strain in the material

which is measured continuously. For an elastic material the response will be in phase with the

applied stress or strain and for a viscous material it will be 90º out of phase. For a viscoelastic

material it will be somewhere in between. The phase difference, or phase angle, as well as the

amplitude ratio is measured during a SAOS test (Rao, 2007). When the phase angle is smaller

then 45º, the elastic modulus is dominant over the viscous modulus. This indicates that the

material is acting elastically, or solid-like (Zhong, 2007). From these measurements both the

elastic and the viscous components of a gel can be determined. The elastic modulus, G’, is a

measurement on how much energy is stored in the material per oscillation cycle, while the

viscous modulus, G’’ is a measurement on how much energy is dissipated as heat. The tan δ is

the ratio between the two (Lucey, 2002).

G’ =     * cos δ G’’ =      * sin δ Tan δ =

(Lucey, 2002).

In figure 4 the stress respons of a truly elastic material, a truly viscous material and a

viscoelastic material to an applied oscillating strain is displayed, as well as σ0,γ0 and δ.

Rheological factors of cheese

Measuring the rheological characteristics of a cheese through rhelogical testing is a way to

determine its functional characteristics. These rhelogical characteristics are a result of the

different constituents of the cheese and the interaction between them. It is therefore difficult to

determine the effect of a single contributing factor (Guinee, 2002). Rhelogical measurements

are made on the macroscopic level of a material, but the responses are determined by

properties on the microscopic level (Rao, 2007).

( )σ0
γ0 ( )σ0

γ0 ( )G’’
G’
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Figure 4, typical stress respons to an oscillating strain by a truly elastic material (A), a

truly viscous material (B) and a viscoelastic material (C).

Composition

The casein matrix will be the main factor controlling the deformation of a cheese. With more,

and stronger, casein chains and bonds the gel will be more elastic (Guinee, 2002). The

interaction between dispersed particles within a gel and the continuous phase is also very

important in determining the rheological properties. If the particles are non-interactive, an

increase in volume fraction will result in a decrease of the modulus of the gel. With interacting

particles the modulus will increase with increasing volume fraction of dispersed particles,

assuming that these are stiffer then the continous phase (Vliet, 1988). In cheese these particles

are the fat globules. These will act as structure breakers and soften the matrix. If they interact

with the matrix, as is the case when homogenised milk is used, this softening effect will be

smaller then if the fat is non-interactive (Everett, 2008).

The fat globules function as structure breakers is influenced by their size. In cheddar cheese

made with milk fat globules with different sizes it was found that an increase in fat globule

δ

σ0 γ0
A

C

B
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size resulted in an decrease in both the elastic and the viscous modulus of the cheese. This was

thought to be because larger fat globules would act as obstacles during gel formation,

disrupting the casein matrix and resulting in a weaker gel (O’Mahony, 2005). The form of the

fat present in the cheese also affects the rhelogical properties. A higher degree of aggregation

of fat globules will result in a reduction of the tan δ of the cheese (Everett, 2008).

The amount of fat in the cheese also affects the rhelogical properties. In a study of cheddar

cheese it was found that in low fat cheese the fat present was distributed throughout the casein

matrix with virtually no aggregates present. As fat content of the cheese increased, so did

aggregates of fat globules as well as coalescence. It was also observed that as fat content was

reduced the fracture stress and the firmness of the cheese increased. This was thought to be in

part due to the increased volume fraction of the casein matrix in low fat cheese, but also due to

a loss of lubricating fat (Guinee, 2000).

If the fat present is liquid it will cause the cheese to be more viscous. Liquid fat will also work

as lubrication on the casein matrix, reducing the stress necessary to fracture the gel. Solid fat

on the other hand, for example at lower temperatures, will cause the cheese to be more elastic.

The solid fat limits the deformation of the matrix as the fat particles themself require

deformation. When the temperature is increased the fat will become more fluid and cause the

gel to be more viscous instead (Guinee, 2002).

Heating

When a cheese is heated it starts to melt, that is it goes from solid-like to liquid-like. But the

only part of the cheese structure that truly melts, within the temperatures commonly used on

cheese, is the fat. The proteins, the main contributor to the rhelogical properties of the cheese,

do not melt. However the the number and strength of the casein bonds will decrease which

will cause the cheese to behave in a melt-like fashion (Lucey, 2003).

Two terms are useful when talking about heating of cheese; flowability and meltability.

Flowability may be quantified by an increase in the phase angle, and thus of the tan δ, of a
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SAOS test in which the cheese is heated. Meltability may be similarly quantified by a change

in the elastic modulus (Guinee, 2002).

Fat globules may rupture under stress which, during heating, will likely increase the

lubricating effect of the fat on the casein layers, resulting in easier flow and faster melting

(Everett, 2008). The fat globules and aggregates may also act as structure breakers during

heating. This effect is magnified by the fact that during heating the casein matrix undergoes a

increase in density. This results in reduction of serum pore size, causing them to be too small

to accomodate the fat globules and aggregates located there (Lopez, 2007).

In the low fat cheddar cheese study there was a decrease i flowability as the fat content of the

cheese was reduced. This was thought to be becuse of an reduction of the lubricating free fat,

as well as the increased volume fraction of protein in the cheese (Guinee, 2000).

Objectives and aims

The objective of this project is to rheologically investigate if the texture and melting

properties of yellow cheese can be altered by substituting milk fat with various vegetable fats

and oils.

The aims are to analyse and compare the properties of gouda cheese made with butter fat to

cheese made with different vegetable fats and oils through rheological testing of texture and

melting performance. As well as structural visualization and composition analysis to

determine any differences between the different types of cheese.
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MATERIALS AND METHODS

Four different types of gouda-like cheese products were produced. Each made with the

following ingredients; skim milk, one type of fat, rennet and bacterial culture.

Cheese ingredients

Four different types of fat were used making cheese. These were:

- Lurpak Pure Ghee, 99.8% butter fat, from Arla Foods Amba, Visby, Denmark.

- Akoroma R, a refined blend of vegetable oil and hydrogenated vegetable fat, from

AarhusKarlshamn AB, Karlshamn, Sweden.

- Lobra, refined vegetable rapeseed oil, from AarhusKarlshamn AB.

- Palmotex 98 T, refined and deodorised palm stearin from AarhusKarlshamn AB.

Melting characteristics for fats from from AarhusKarlshamn AB can be found in table I

(AAK, 2008). Milk fat has a melting range of between -40°C and +40°C according to

litterature (Lopez, 2006).

Table I, solid fat content at different temperatures and slip melting poing for different

vegetable fats.

10°C 20°C 30°C 35°C Slip melting point

Akoroma 52% 25% 8% 3% 33°C

Lobra 0% 0% 0% 0% Liquid at 0ºC

Palm stearin 82% 64% 42% 27% 50°C

Low pasteurized Skummaelk, fat content <0.1 g/100 g, from Arla was used for all types of

cheese.
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For comparison measurements were made on unhomogenised milk. Irmas Gårdmaelk, fat

content 3.9 g/100 g, from Irma, Rødovre, Denmark, was used.

Rennet and culture were both obtained from Chr. Hansen A/S, Hoersholm, Denmark. Chy-

Max M rennet was used and F-DVS pHageControl R-604, a mesophilic homofermentative

culture which produce no gas (Chr. Hansen, 2004).

Milk homogenisation

Fat and skim milk were heated separetly to 60ºC in a water bath. Milk and one type of fat

were then mixed to obtain a milk/fat-mixture with a fat content of 3.25% (w/w) and

homogenised with a Rannie homogenisator, Rannie machine works Ltd., Albertslund,

Denmark. Prior to homogenisation of the milk that was to be used for cheese making, batches

of milk with all types of fat were homogenised at different pressures, 1.5 and 3.0 MPa, and

stored for 24 hours to observe size differences and stability of the fat globules.

Fat globule size distribution in homogenised milk-fat mixture was measured by static light

scattering using a Mastersizer Microplus from Malvern Instruments, Worcestershire, United

Kingdom. Unhomogenised milk was also measured. All measurements were performed twice.

Method 50HD (particle refractive index 1.5295, 0.1000, dispersant refractive index 1.3300)

which is the standard refractive index of the machine, was used.

Fluctuations in the homogenisator made it difficult to maintain a stable low pressure.

Therefore 3,0 MPa was the pressure chosen to be used for milk meant for cheese production.

However, size distribution of fat globules in homogenised milk was not always stable. A small

number of measured batches displayed widly different and inconsistent results in size

distribution of fat particles. Therefore homogenised batches of milk were always measured

prior to cheese production to ensure even size distribution between batches. Homogenised

milk was stored at 5ºC for no more then 24 hours before being used for cheese making.
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Cheese production

The type of cheese produced was Gouda, which is a dutch-type cheese with a semi-hard to

hard consistency and a smooth texture (Walstra, 1993). The production schedule was based on

Gouda Guidelines (Chr. Hansen, 2001) and adapted to suit available equipment. A dual cheese

vat machine from GEA Liquid Engineering A/S, Skanderborg, Denmark, was used. The steps

followed in cheese production are outlined in table II. Samples were taken from whey after

scalding and from ripened cheese. Cheese samples were grated with a hand cheese grater. All

samples were stored at -23ºC.

Table II, cheese production protocol.

Step 1 Culture 15 kg of milk/fat mixture was heated to 32ºC in one

vat, 2.5 g of culture was added.

Step 2 Pre-ripening The milk was kept at 32ºC and slowly stirred for 45

minutes.

Step 3 Renneting 4.5 ml of liquid rennet was added to the vat. The milk

was left to gel for 45 minutes.

Step 4 Cutting and stirring The gel was cut into approximately 10 mm cubes and

stirred for 25 minutes.

Step 5 Scalding 3 liters of whey was removed and 4 liters of water

heated to 60ºC was added to the vat. The curd was

then slowly stirred for 40 minutes.

Step 6 Pre-pressing Most of the whey was drained of and the curd was

pressed under whey at 3 kPa for 20 minutes.

Step 7 Moulding and

pressing

The curd was placed in moulds and pressed at 150 kPa

for 2 hours. Then left in the moulds over night.

Step 8 Salting The next day the cheese was placed in brine solution,

26% NaCl (w/w), for 24 hours at 5ºC.

Step 9 Ripening The cheese was vacuum-packed and ripened for 20

days at 15ºC.
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Compositional analysis

Protein, salt and fat content, as well as pH and dry matter were analysed in whey and ripened

cheese. Milk used for cheese production was analysed in the same manner, save for fat

content. All chemicals used were obtained from Merck KGaA, Damstadt, Germany unless

otherwise stated. All measurements for all samples were done four times.

Methods used to analyse salt content, dry matter, protein content and fat content are taken

from Manual for chemical analysis of cheese and based mainly on International Dairy

Federation standards (Pripp, 2005).

Salt content

The salt content was analysed using a TIM 900 Titration Manager from Radiometer,

Copenhagen, Denmark, by titration of chloride with 0.100 M silver nitrate and potentiometric

determination. Weighted samples of grated cheese were disolved in 0.5 tri-sodium-citrate

solution at 55ºC. Whey and milk were simply weighted and measured. Just prior to titration 2

M nitric acid was added.

pH

pH was measured using a Knick pH-meter 761 from Struers, Berlin, Germany, calibrated at

20ºC.

Dry matter

Dry matter was determined by placing weighted samples in beakers with pumice and placed in

a drying oven at 100ºC until constant weight. This was 5 hours for milk and whey and 24

hours for grated cheeese. Samples were then weighted every 45 minutes until constant weight

was achieved, the loss in weight was considered to be moisture. Prior to weightening samples

were cooled in a desiccator.
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Protein content

The Kjeldahl method was used to determine the protein content. Weighted samples were

digested with concentrated sulphuric acid, silicone antifoam from KEBO lab, Albertslund,

Denmark, and Kjeltabs from Thompson & Capper LTD, Cheshire, United Kingdom. This was

done for 1 hour at 120ºC, 1 hour at 250ºC and 1.5 hour at 410ºC. This causes nitrogen from

the organic compounds in the sample to convert to ammonium ions.

The digested sample was then distilled into 1% boric acid using a Kjeldahl destiller 1026,

Tecator, Höganäs, Sweden. The distilled ammonium content was determined by titration with

0.1 M hydrochloric acid using methyl red 1 g, methyl blue 0.5 g in 96% ethanol from Bie &

Berntsen A-S, Rødovre, Denmark, as indicator. The protein content was then calculated by

multiplying the nitrogen content with 6.38.

Fat content

The Gerber method was used to analyse the fat content. All chemicals for gerber analysis were

obtained from VWR, Herlev, Denmark. The centrifuge used was a Gerber Centrifuge from

Funke Gerber, Berlin, Germany. A sample was placed in a butyrometer with 1.816 g/ml

sulphuric acid for liquid whey and 1.53 g/ml sulphuric acid for grated cheese.

To whey samples amyl alcohol was added. The samples were mixed and then cooled on ice

followed by centrifugation for 20 minutes at 1000-1200 rpm in a heated centrifuge. The fat

then formed a continuous phase which could be read on the butyrometer scale.

Cheese samples were mixed and placed in a water bath at 68ºC and shaken regularly until all

the cheese was disolved. Amyl alcohol was added and samples were centrifuged for 5 minutes

at 1000-1200 rpm in a heated centrifuge. They were then placed in the water bath for 5

minutes followed by additional centrifugation for 5 minutes. The fat then formed a continuous

phase which could be read on the butyrometer scale.
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Large deformation rheology

For uniaxial compression and stress-relaxation tests, a Instron 5564 Universal Testing

Machine from Instron Ltd, High Wycombe, United Kingdom, was used. A constant

compression speed of 500 mm/min was used for all tests and the plates were lubricated with

paraffin oil to minimize friction before placing the sample.

Uniaxial compression tests

For uniaxial compression tests cheese samples were cut using a cork borer and wire, forming

discs 17.1 mm high and with a diameter of 15 mm. The samples were compressed in the

Instron at 20ºC. Measurements were made every 0.02 seconds and from the data gathered

stress, Hencky strain and Young's modulus was calculated. All measurements were done six

times.

Stress-relaxation tests

Samples for stress-relaxation tests were cut with the same equipment into discs 10 mm heigh

and with a diameter of 20 mm. The samples were then heated to 50ºC and 70ºC respectively.

These samples were then pressed to a height of 5 mm and left to relax for 2 minutes.

Measurements were made every 0.04 seconds and from the data gathered Young's modulus

and relaxation over time was calculate. All measurements at all temperatures were done two

times.

Small deformation rheology

Small amplitude oscilliatory shear analysis was perfomed using a CVO Rheometer System

from Malvern Instruments. Serrated plates were used and the measuring system was PP 25. A

single frequency of 1 Hz was used with a controlled stress of 50 Pa. Delay and wait time were

both set to 20 seconds.
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Cheese discs with a height of 2 mm and a diameter of 25 mm were cut using a cork borer and

wire. The sample was placed between the plates, the gap was set to 2 mm and the edges of the

cheese was covered in lithium grease to prevent the sample from drying.

The instrument was set to start measuring at 25ºC and every 5ºC up to 70ºC, with 4 minutes

for every new temperature to equilibrate before measurement was perfomed. At every

temperature two measurements of the phase angle and the elastic modulus of the sample was

done. However at higher temperature, due to inadequate heating, the actual temperature of the

sample was a few degrees below the temperature set by the machine.

Visualization of microstructure

To visualize the microstructure of the protein network and the entrapped fat, confocal laser

microscopy was used. The majority of the work required for confocal laser microscopy, as

well as digital image analysis of the results, was perfomed at the Department of Food Science,

University of Copenhagen, by one of its employees.

Sample staining

A thin slice of each type of cheese was cut using a razor and labelled using a fluorescent

staining mixture for 2 minutes. This mixture was phosphate buffered saline, pH 7.2,

containing two different labeling agents. For fat 0.05 µg/ml Rhodamine B from Sigma-

Aldrich Inc., St. Luis, United States, was used. For protein 0.5 µg/ml of Bodipy D-3992 from

Invitrogen, Eugene, United States, was used.

Microscopy

The microscope used was a Confocal Scanning Microscope Leica SP2 from Leica

Microsystems, Mannheim, Germany, equiped with Argon and Helium/Neon lasers. The

objective was a x40 N.A. 1.25 oil immersion. Excitation wavelength used were 488 nm for
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Bodipy and 543 nm for Rhodamin B. Emissions were 495-571 nm for 488 nm and 555-675

nm for 534 nm. In order to avoid cross talk between the two channels, the two channels  were

scanned sequentially. The two different images of fat and protein were then overlayed using

computer software.
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RESULTS

Fat globule size in milk

Unhomogenised milk displayed fat globules ranging in size from 10 µm down to just below 1

µm, the majority with a size in between these values.

Mixed milk and fat that had been homogenised at low pressure showed somewhat smaller fat

globules than unhomogenised milk and displayed a wider range in size distribution. When

pressure was increased from 1.5 to 3.0 MPa the fat globules became only slightly smaller but

also with a wider size distribution. Results for butter fat are shown in figure 5. All types of fat

showed a similar reduction in fat globule size when pressure was increased from 1.5 to 3.0

MPa. All results are averages of two measurements.
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Figure 5, fat globule size distribution in skim milk with butter fat at two different

homogenisation pressures, as well as unhomogenised milk.



28

However there was a small difference between milk fat and other types of fat when

homogenised. Butter fat displayed the most even fat globule size distribution while akoroma,

lobra and palm stearin all displayed a small number of larger particles between 10 and 100 µm

in size. A comparison between the different types of fat when homogenised at 3.0 MPa are

shown in figure 6. Milk homogenised at 1.5 MPa showed similar results but with a slight

reduction in fat globule size. All results are averages of two measurements. Homogenised

milk for all types of fat displayed the same size distribution after 24 hours as they did directly

after homogenisation
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Figure 6, fat globule size distribution in skim milk with different types of fat homogenised

at 3.0 MPa.

Compositional analysis

Results from compositional analysis of milk, whey and cheese are shown in table III-V.

Results shown for milk are averages of two measurements. Results shown for whey and

cheese are averages of four measurements.
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The different batches of milk showed no major differences and were consistent with what was

stated by Arla on the milk container. In whey only very small amounts of protein and fat were

present. Composition of the final, ripened cheese was consistent regardless of type of fat.

Table III, composition of homogenised milk with different types fats.

Protein Dry matter pH NaCl

Butter 3.66% 12.43% 6.79 0.177%

Akoroma 3.40% 12.71% 6.68 0.180%

Lobra 3.61% 12.24% 6.78 0.179%

Palm stearin 3.65% 11.84% 6.77 0.178%

Table IV, composition of whey from cheesemaking with different types of fat

Protein Fat Dry matter pH NaCl

Butter 0.73% 0.08% 6.74% 4.83 0.162%

Akoroma 0.73% 0.09% 6.67% 4.70 0.170%

Lobra 0.76% 0.09% 6.72% 4.66 0.165%

Palm stearin 0.95% 0.08% 6.71% 6.02 0.165%

Table V, composition of cheese made from milk with different types of fat.

Protein Fat Dry matter PH NaCl

Butter 20.91% 24.3% 52.68% 4.94 2.72%

Akoroma 21.72% 24.5% 52.03% 5.00 2.64%

Lobra 22.73% 24.4% 52.34% 4.97 2.50%

Palm stearin 20.53% 24.5% 52.14% 5.13 2.89%

Large deformation rheology

Results from uniaxial compression tests at 20°C differed greatly for the different types of

cheese. Results are displayed in table VI. All results are averages of six measurements.
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Table VI, results from unixal compression tests with coefficient of variation for cheese

made with different types of fat at 20°C.

Stress at

fracture (Pa)

CV Strain at

fracture (-)

CV Young’s

modulus (Pa)

CV

Butter 186500 6.6% 0,311 9.2% 1262000 8.7%

Akoroma 242300 6.4% 0,252 8.6% 2224000 12.8%

Lobra 145500 4.7% 0,327 4.9% 867000 12.3%

Palm stearin 261000 13.6% 0,411 2.4% 1512000 14.0%

In figure 7, stress-strain curves for results from unixal compression tests at 20°C for the

different types of cheese are displayed for comparison. The curves displayed are results from

only one measurement and are ones that the author considers to be typical for the specific

types of cheese.
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Figure 7, stress-strain curves from unixal compression tests at 20°C for cheese made with

different types of fat.
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Results for Young’s modulus from stress-relaxation tests of the different types of cheese are

displayed in table VII. At 50°C, compared to 20°C, Young’s modulus has decreased for all

types of cheese and is lowest for butter and highest for palm stearin. At 70°C it has decreased

even further but much more so for palm stearin which now has the lowest value. All values

are averages of two measurements.

Table VII, Young’s modulus with coefficient of variation at 50°C and 70°C for cheese

made with different types of fat.

Young’s modulus,

50°C (Pa)

CV Young’s modulus,

70°C (Pa)

CV

Butter 133000 6.4% 108000 13.8%

Akoroma 139000 16.3% 117000 1.8%

Lobra 156000 3.2% 100000 23.2%

Palm stearin 183000 4.4% 63000 9.0%

The time for heated samples to relax to 25% of initial stress during constant strain is displayed

in table VIII. At 50°C cheese containing akoroma had the longest relaxation time while cheese

containing palm stearin relaxes much faster. At 70°C relaxation time for all types of cheese

has decreased. Lobra now has the longest while palm stearin still has the shortest. All values

are averages of two measurements.

Table VIII, time to relax to 25% on initial stress with coefficient of variation at 50°C and

70°C in stress-relaxation test for cheese made with different types of cheese.

Time to relax,

50°C (seconds)

CV Time to relax,

70°C (seconds)

CV

Butter 8.45 4.4% 7.54 23.2%

Akoroma 10.09 1.5% 7.93 3.7%

Lobra 10.04 17.4% 9.07 2.6%

Palm stearin 6.07 19.6% 4,99 23.8%
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Small deformation rheology

Results from small amplitude oscillatory shear, SAOS, experiments are displayed in figure 8

and 9 with standard deviations. Results shown are actual sample temperatures and averages of

two measurements.

Figure 8 show how increased temperature causes the elastic modulus, G’, to decrease for all

types of cheese. At 25ºC lobra has the lowest value, while palm stearin has a much higher

value then all others. At approximatly 50ºC the elastic modulus for palm stearin starts to drop

sharply and above 60ºC the value is virtually the same for all types of cheese.
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Figure 8, results from SAOS experiments showing temperature influence on the elastic

modulus for cheese made with different types of fat.

Figure 9 show how increased temperature causes the Tan δ to increase for all types of cheese.

There are only slight differences with all types having similar values at 25ºC and palm stearin

having the highest value above 50ºC with lobra increasing at 55ºC to achieve the second

highest value.
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Figure 9, results from SAOS experiments showing temperature influence on Tan δ for

cheese made with different types of fat.

Visualization of microstructure

Confocal laser microscopy was used to obtain micrographic images of the different types of

cheese. Results are displyed in figure 10. Images shown are overlays of the two channels used

and averages of 16 repeated scans. Protein is displayed in red and fat in green.

All images shows a continuous protein network with fat entrapped within it. Cheese made

with butter and akoroma both display spherical fat globules as well as irregular pools of fat.

However with akoroma the fat globules are larger. In cheese made with lobra the fat globules

are spherical as well, but much smaller in size compared to butter and akoroma. There is also

virtually no pools of free fat but rather large number of small fat globules in close proximity.

Cheese made with palm stearin display almost no spherical fat globules. Instead the fat is

irregular in both size and shape.
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C D

Figure 10, micrographic images of cheese made with butter (A), akoroma (B), lobra (C)

and palm stearin (D) obtained through confocal laser microscopy. Image sizes 45 µm x

45 µm. Protein displayed as red and fat displayed as green.
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DISCUSSION

Composition and microstructure

As the rhelogical characteristics of a cheese are influenced by all of its different constituents

(Guinee, 2002), it is important that these are approximately the same for the different types of

cheese produced in this work. Compositional analysis reveal that the composition was indeed

similar throughout the production. For milk, whey and, most important, the final cheese. It

appears that the substitution of fat in milk, under the circumstances used here, did not result in

cheeses with different composition. The amount of fat, which is a strong contributor to the

rheological properties (Guinee, 2000), is the same regardless of type of cheese.

Interaction between the different constituents in cheese is similarly important (Guinee, 2002).

Most relevant in this study is the interaction between the protein matrix and the dispersed fat

particles. The degree of this interaction is not measured but since the milk used is

homogenised there should be interaction (Everett, 2008).

Milk mixed with fat was homogenised prior to cheesemaking to ensure a uniform distribution

of fat, as well as to control the size of the fat particles. This did indeed yield fat particles in

milk that were similar in size regardless of type of fat used. However, microscopy of the final

cheeses revealed that the fat particles incorporated into the casein matrix were different in size

and displayed various degree of aggregation and coalescence depending on what type of fat

was used. If this is due to some properties of the fat used or due to irregularities during

production is difficult to determine. Pressing has been identified as the main contributor to fat

globule disruption in cheese (Lopez, 2007), and irregularities in this step of production could

probably give rise to the differences observed.

While rhelogical measurements are made macroscopically, it is also relevant to analyse the

samples microscopically as the microscopic structure will determine the macroscopic

propertis (Rao, 2007). In the micrographic images obtained through CLMS the continuous
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casein network appears similar in all types of cheese. The fat globules however are quite

different. Especially in cheese made with lobra and palm stearin. The smaller lobra fat

globules could indicate a stronger gel matrix in that type of cheese, as smaller fat globules

interfere less with gel formation then larger ones (O’Mahony, 2005). They are, however,

highly aggregated and as aggregates also function as structure breakers (Lopez, 2007) this

may not be true.

Large deformation rhelogy

Many of the results from large deformation experiments performed suffered from high CV

values. This renders it difficult to draw conclusions. The deviations became more pronounced

as the cheese samples were heated. This is probably due to difficulties in handling the heated

samples, as well as obtaining and retaining a stable temperature.

At 20ºC cheese made with akoroma had a high stress at fracture and a low strain at fracture

compared to cheese made with butter, indicating a more brittle structure (Gunasekaran, 2003).

Akoroma cheese also had the highest Young’s modulus, indicating a stiff structure

(Gunasekaran, 2003). Why is uncertain. Neither the melting characteristics of akoroma, which

is similar to butter, or the micrograph give any clue to why the akoroma cheese behaves in this

manner.

Cheese made with palm stearin had the highest stress at fracture and strain at fracture at 20ºC,

as well as a higher Youngs modulus that for both lobra and butter cheese. This is most likely

due to the high degree of solid palm stearin fat at this temperature which causes the structure

to be more resiliant to deformation (Guinee, 2002). Lobra cheese on the other hand had the

lowest youngs modulus and the lowest stress at fracture at 20ºC. This type of cheese is thus

the softest at 20ºC. This is likely due to the liquid fat content which lubricate the casein

matrix, reducing the stress necessary to fracture the gel (Guinee, 2002).
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At higher temperatures Young’s modulus decreased drastically for all types of cheese

indicating less stiff structures (Gunasekaran, 2003). This is caused by two things; primarily by

a decrease in the number and strength of the casein bonds (Lucey, 2003), but also by an

increased degree of fluid fat (Guinee, 2002). Cheese made with palm stearin had the highest

value at 50ºC, probably due to the high degree of solid fat compared to the other types of

cheese. For akoroma cheese Young’s modulus had dropped to approximately the same value

as butter, a change that is difficult to explain. Lobra cheese now has a higher value than

cheese made with butter or akoroma, which at this temperature has a liquid fat content. This

could be an indication of a firmer protein matrix in lobra cheese. However at 70ºC butter,

akoroma and lobra cheese all had similar values for Young’s modulus, while palm stearin

cheese, now with liquid fat, had by far the lowest value.

Together with stress-relaxation tests, in which palm stearin cheese had the fastest relaxation

time at both 50ºC and 70ºC, indicating a weak gel structure (Gunasekaran, 2003), it would

seem that palm stearin results in a weaker protein matrix in the cheese. The long relaxation

time of lobra, retained at 70ºC strengthens the hypothesis that lobra cheese had a stronger

protein network then the other types of cheese.

Small deformation rheology

A higher degree of solid fat confers elasticity to the cheese (Guinee, 2002). This trend seems

apparant from the SAOS experiments performed. At 25ºC cheese with palm stearin, which is

mostly solid at this temperature, had the highest G’, followed by cheese made from akoroma

and butter which is partially solid. Finally there is cheese with lobra, which is completely

liquid, having the lowest G’ at 25ºC.

During heating the G’ of akoroma and butter cheese quickly dropped to the level of lobra,

presumably due to melting of the fat content. Palm stearin cheese retained a comparably high

G’ until 50ºC, the slip melting point of the fat, at which point it also dropped quickly to the

same level as the other types of cheese. The meltability of the cheeses, as indicated by a



38

change in G’ (Guinee, 2002), was initially different, but became similar as the fat content of

the cheese turns completely liquid.

The tan δ revealed that all types of cheese in this study behave solid-like even at elevated

temperatures, as indicated by a tan δ of less than 1, or a phase angle of less then 45º (Zhong,

2007). However the flowability of all types of cheese increased with increasing temperature,

as indicated by an increse in tan δ (Guinee, 2002). Butter and akoroma cheese had similar

values at 25ºC and at 65ºC, but at intermediate temperatures akoroma cheese had a higher tan

δ. This trend is difficult to explain. Palm stearin and lobra cheese start to increase faster at

approximately 50ºC and 55ºC, respectively. For palm stearin cheese this is likely due to

melting of the fat. For lobra it might be a result of the fat globules rupturing, which will

lubricate the casein layers and result in easier flow (Everett, 2008), as there is little free fat in

lobra cheese at room temperature, as revealed by CLMS.
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CONCLUSION

The cheese production protocol used in this work was not associated with any apparent

difficulties and resulted in cheese-like products where the fat had been substituted. CLMS

revealed a cheese-like structure and rhelogical experiments revealed that the melting

properties of the fat used did indeed affect the characteristics of the cheese. However all

differences could not be explained by the fat properties. It is likely that the fat used influence

the formation of the casein matrix in some way, giving rise to some of the differences

observed.

This work mainly concerns the rhelogical properties of the cheeses produced. The actual

application of the different types of cheese as a food product is not addressed. However the

results indicate that with further research it should be possible to create a cheese-like product

with desirable functional characteristics by using fats with different melting properties.
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