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This research project is aimed at reducing saturated and trans fats in processed cheese products
(PCPs) by replacing milk fat (MF) with lower cost, more sustainable, and higher nutritional
value fat replacements. By studying the crystal structure of MF in bulk at different length scales,
and understanding MF crystallization within PCPs, we were able to gain insights into strategies
that can be used to replace MF while keeping the desirable characteristics of PCPs such as
suitable firmness, good oil stability, and sufficient meltability or spread upon heating.
For MF crystal structure in bulk, the nanostructure of MF was characterized by describing the
properties and aggregations of crystalline nanoplateletes (CNPs), which are the primary crystals
that make up large microstructures of MF. A concentration-temperature map for engineering the
microstructure of MF by blending binary and ternary mixtures of MF melting fractions was also
generated. For MF structure within a food matrix, the polymorphism of MF within commercial
PCPs was characterized. A higher ratio of the most stable crystal polymorph of MF, the beta (b)
form, was found in PCPs, while MF in bulk was mostly in the beta-prime (b') polymorph. Using
a model cheese system, we suggested that the dispersion of MF globules in a solid protein matrix
results in more b polymorph formation due to crystallization in a confined space.
More than polymorphism, microstructure was greatly correlated with the rheological properties
of PCPs. PCP microstructure can be considered as a polymer composite matrix, where fat
globules are distributed as particle fillers in a continuous protein matrix. MF was then substituted
with various edible particle fillers and canola oil. We found that oat fiber (OF) particles
performed best in reinforcing the microstructure of model imitation cheese products compared to
other non-fat particles and fat blends studied. Oil loss and melting properties of products with
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canola oil and added OF were not significantly different from that of imitation cheese with MF.
Mechanisms describing how OF provides these functionalities were also described using
rheology.
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Chapter 1. General Introduction
1.1 Introduction
Milk fat is commonly used in food applications due to its characteristic texture and flavor. Upon
cooling, milk fat forms a crystal network that is important in the development of structure in
dairy products such as butter, ice cream and cheese (Walstra et al. 2006; Gliguem et al. 2009;
Goff & Hartel 2013; Wright et al. 2001). Furthermore, milk fat crystals perform different
functions in confectionary and pastry products such as prevention of bloom in chocolate and
enhancement of flakiness in puff pastry (Sonwai & Rousseau 2010). Due to the numerous
advantages that milk fat provides, extensive research has been done to describe its crystallization
behavior and structure formation from the melt (Sangwal & Sato 2012; Grotenhuis et al. 1999).
Results of these studies showed that the crystal network formed by milk fat is greatly affected by
composition (e.g., blending with other fats and oils) and various external factors such as cooling
rate and temperature, and mixing or vibration (Wright et al. 2000; Wright et al. 2005; Lopez et
al. 2001; Campos et al. 2002; Mazzanti et al. 2004; Mazzanti et al. 2009).
Most of these studies in the literature have been performed to describe changes in the
microstructure and polymorphism of milk fat crystals. However, newer techniques have been
developed, especially for characterizing the nanostructure of triacylglycerol crystal networks
(Pink et al. 2013; Acevedo et al. 2011; Acevedo & Marangoni 2010; Peyronel et al. 2013;
Peyronel et al. 2014). Furthermore, most research works were carried out on milk fat as bulk
(i.e., as it is) while we know that milk fat cooling and crystal network formation also occurs after
processing of the food product (e.g., before packaging or during storage). The nanostructure of
fat crystal networks has been shown to be related to the rheological properties of fats.
Furthermore, conditions previously studied for milk fat crystallization do not fully match that of
milk fat within the food matrix. To address these knowledge gaps, the first part of this project
aims to characterize the structure of milk fat at different length scales using newer techniques
and describe the structure of milk fat crystal network within food (processed cheese) using X-ray
diffraction or scattering (XRD/S), differential scanning calorimetry (DSC), rheology and various
microscopy techniques.
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Based on the complete knowledge of the structure of the milk fat crystal network obtained in the
first part, the second part of the project aims to replace milk fat in processed cheese with lower
cost, more sustainable and higher nutritional value fat replacements (Zetzl et al. 2012; Zulim
Botega et al. 2013). A major challenge in this part of the project is adjusting the properties of the
alternatives to match the desirable sensory qualities that milk fat provides and dealing with the
effects of the matrix, as processed cheese is after all, consist mainly of a protein network. As
such, many studies have focused on improving the texture of processed cheese by altering the
protein network through addition of whey concentrates and caseinates, as well as manipulating
additives (e.g., emulsifiers and salts) and other properties such as pH and moisture content
(Sołowiej et al. 2014; Gupta & Reuter 1992; O’Riordan et al. 2011; Savello et al. 1989; Lucey et
al. 2011; Lee et al. 2003). However, studies have also shown that, besides improving flavor, milk
fat also affects the rheological and functional properties of processed cheese (Gliguem et al.
2011; Gliguem et al. 2009; Lee et al. 2003; Cunha et al. 2010; Pereira et al. 2001). Attempts have
been made to replace and reduce milk fat in processed cheese with vegetable fat and other fat
replacers such as polysaccharides but these studies were carried out through trial-and-error or
cook-and-look method which are costly and less effective (Lobato-Calleros et al. 1997; Sołowiej
et al. 2014; Cunha et al. 2010; Lobato-Calleros et al. 1998; Koca & Metin 2004; McMahon et al.
1996; Johnson et al. 2009). Thus, in this study, a fundamental understanding of the function,
crystallization behavior, and structure of milk fat in processed cheese will first be presented and
alternatives to match these properties will then be studied. Using model cheeses, techniques such
as particle filling and addition of oleogels will be performed. Furthermore, mechanisms involved
for the observed rheological properties of the model cheeses will be investigated using
rheological tests.

1.2 Research objectives
The project mainly aims to systematically replace milk fat in processed cheese by presenting a
complete and comprehensive scientific background to support the replacement strategies with the
accomplishment of the following sub-objectives:
1.2.1 Characterize the crystallization behavior and crystal structure of milk fat as bulk and within
processed cheese using various characterization tools.
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1.2.1.1 Characterize the crystal structure of milk fat in bulk at the nanoscale using ultrasmall-angle x-ray scattering (USAXS) and cryogenic transmission electron microscopy (cryoTEM).
1.2.1.2 Characterize the microstructure formed by blending different fractions of milk fat
crystallized at different cooling temperatures using polarized light microscopy (PLM); determine
the solid fat content (SFC) of these blends using pulsed nuclear magnetic resonance (pNMR);
and correlate these information to the calculated crystallization kinetics parameters using the
Avrami equation.
1.2.1.3 Determine the crystallization behavior and structure of milk fat within commercial
processed cheese products, and using a model system, identify specific factors that affect the
crystallization behavior of milk fat in the food matrix using XRD, DSC, confocal laser scanning
microscopy (CLSM) and cryogenic scanning electron microscopy (cryo-SEM).
1.2.1.4 Compare the crystallization behavior and structure of milk fat as bulk and as a
dispersed phase in the cheese matrix, and relate these findings to the rheological properties of
processed cheese.
1.2.2 Treat processed cheese as a fat-particle filled gel network to determine how the physical
properties of milk fat (e.g., SFC) affect the quality of processed cheese, then, using a model
system, replace milk fat with canola oil and reinforce the microstructure using techniques such as
particle reinforcement, oleogelation, and stabilization of oil by the addition of small amounts of
highly saturated fats.
1.2.3 Characterize the properties of the substituted model cheeses by determining their hardness
and springiness using a texture profile analyzer (TPA), stability against oil loss using a filter
paper test, and meltability using a modified Schreiber’s test, and carry out rheological tests to
gain insights into the mechanisms involved in the replacement strategies.

1.3 Hypotheses
With the aims of the study stated above, we hypothesize that:
1.3.1 There is a significant difference between the crystallization behavior and structure
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formation of milk fat as bulk and that when it is embedded in the cheese matrix due to the
dispersion of milk fat as globules within the solid matrix and/or presence of other ingredients
(e.g., proteins).
1.3.2 The rheological properties and meltability of processed cheese products depend on the
microstructure of processed cheese rather than the crystal structure of milk fat.
1.3.3 Replacing milk fat with canola oil and reinforcing the system by the addition of edible
particles results in model cheese products that have similar textural and rheological properties,
oil stability, and meltability as that of the model cheese made with 100 % milk fat.

1.4 Organization of this dissertation
The crystal structure of milk fat and the effect of various factors on its crystallization behavior
have been extensively characterized throughout the years. However, newer techniques have been
recently developed to characterize the structure of triacylglycerol crystal networks at the
nanoscale. Furthermore, the effect of the food matrix on the crystallization behavior of milk fat
has not been fully explored. These could provide insights into strategies that can be applied to
replace milk fat in processed cheese. Chapters 3 – 6 address these knowledge gaps by
characterizing the nanostructure of milk fat, creating a concentration-temperature map to
describe the crystallization kinetics and microstructure of different blends of the melting
fractions of milk fat, characterizing the polymorphism of milk fat in cheese, and investigating
mechanisms involved in the crystal structure formation of milk fat in processed cheese using
model cheese systems. In chapter 7, the microstructure of processed cheese is treated as a
particle filled gel network. Milk fat is replaced with canola oil and various strategies are applied
to reinforce the system such as the addition of edible particles at 1 and 5 % volume fractions,
oleogelation, and stabilization of oil with the addition of highly saturated fats. Lastly, chapter 8
briefly provides rheological explanations for the particle reinforcement of model cheese systems
with the addition of oat fiber particles.
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Chapter 2. Literature Review
Pere R. Ramel and Alejandro G. Marangoni
Submitted book chapter entitled “Milk fat nanostructure and microstructure” in Microstructure of
Dairy Products (Mamdouh Mahmoud Abdel Rahman el Bakry, Ed), 2017, Wiley, Oxford, U.K.

2.1 Abstract
This chapter summarizes several studies previously carried out to characterize the structure of
milk fat at the microscale, mesoscale and nanoscale levels using different methods such as
microscopy (e.g. polarized light microscopy (PLM), scanning electron microscopy (SEM) and
cryogenic-transmission electron microscopy (cryo-TEM)) and x-ray diffraction (XRD). In
addition, the effects of composition and different processing conditions on the microstructure
(i.e., polymorphism and crystallization behavior) and their impact on the qualities of milk fat
products are described. It is shown that the structure of milk fat greatly determines its qualities
such as rheology, thermal stability and sensory attributes. Therefore, attempts to improve milk
fat product properties should include a microstructural dimension. With the characterization of
the nanoscale structure of triacylglycerol (TAG) networks (i.e. crystal nanoplatelets (CNPs)),
opportunities for nano-engineering have been made possible.

2.2 Introduction
Milk fat, together with proteins, is one of the major components of milk at a concentration of
around 3-6% (Walstra et al. 1999). Because of its ease of use and unique flavor, it has been
widely used as a key ingredient in many food products as it provides a characteristic structure
and flavor. Its functionality, however, is greatly dependent on its thermal properties (i.e.
crystallization and melting behavior). Thus, characterization of the structure of the crystal
network formed by milk fat as affected by thermal processes, and different compositional and
environmental factors has been studied extensively (Herrera & Hartel 2000; Shi et al. 2001;
Lopez et al. 2001c; Campos et al. 2002; Marangoni et al. 2012).
The thermal behavior of milk fat is very complex due to the extreme heterogeneity of its
triacylglycerol composition (Timms 1984; Lopez et al. 2001a,b; Lopez et al. 2005).
Triacylglycerols (TAGs), which constitute 98% of milk fat, are composed of a glycerol backbone
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with fatty acids esterified to its three stereospecific positions (sn1, sn2, sn3) (figure 2.1) (Jensen
et al. 1991; McGibbon & Taylor 2006). The type of fatty acids present as well as their
distribution on the glycerol backbone determine the properties of the TAG molecule (Jensen et
al. 1991; Palmquist 2009; Tzompa-Sosa et al. 2014). The composition of fatty acids in milk
changes greatly with the cow’s feed, thus, depending on the season (i.e. summer grass vs winter
diet), fatty acids could range from unsaturated to saturated, and short chain to long chain and
therefore causing the large variation in TAG molecular species present in milk fat (Shi et al.
2001; Jensen 2002; Bugeat et al. 2011). This diversity in TAG composition in combination with
the presence of minor components (2%) such as mono- and diacylglycerols in milk fat lead to
formation of compound crystals upon crystallization which brings about the broad melting range
of milk fat at -40ºC to 40ºC (Timms 1980; Shi et al. 2001; Wright & Marangoni 2002; Wright &
Marangoni 2003; Mazzanti et al. 2004). Besides heterogeneity in composition, TAG crystals also
exhibit polymorphism, which is a general property of TAG molecules. This increases the level of
complexity even further (Grotenhuis et al. 1999; Sato 2001).

Figure 2.1. Structure of a triacylglycerol molecule.

The two steps involved in the crystallization of TAGs include nucleation and then crystal growth
(Marangoni & Wesdorp 2013b; Sangwal & Sato 2012). However, before nucleation can take
place, supersaturation of TAGs must first be achieved (Sato 2001; Marangoni et al. 2012).
Supersaturation happens when the supercooling or undercooling becomes sufficiently high (i.e.
the number of degrees below the melting point of the highest melting TAG) so that the melt
becomes supersaturated with a particular TAG with respect to the liquid phase in which they are
dissolved (Marangoni et al. 2012). The supersaturation of TAGs is very important as it
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determines the polymorphism of milk fat ( Kloek et al. 2000; Sato 2001; Dibildox-Alvarado et
al. 2010; Marangoni et al. 2012). Nucleation then occurs wherein TAG molecules organize to
form ordered domains up to a certain critical size (i.e. large enough to not be easily dissolved)
(Sangwal & Sato 2012; Marangoni et al. 2012; Marangoni & Wesdorp 2013b). The nucleation
process is essential in the formation of a fat crystal network (Sato 2001; Martini et al. 2001;
Marangoni et al. 2012). Three types of nucleation have been identified namely primary
homogeneous nucleation which usually occurs in pure solutions and requires high
supersaturation, heterogeneous nucleation which is nucleation catalyzed by the presence of
foreign particles or interfaces, and secondary nucleation which is nucleation from existing
crystals or crystal fragments (Marangoni & Wesdorp 2013b). When stable nuclei are formed,
crystal growth rapidly ensues and the number of nuclei present determines the amount and size
of the crystals formed (Kloek et al. 2000; Martini et al. 2001; Marangoni et al. 2006; Marangoni
et al. 2012; Marangoni & Wesdorp 2013b). Depending on the cooling rate, crystallization
temperature, as well as other external factors, which will be described in the following sections,
milk fat crystallizes in a certain state (i.e. polymorphism) which greatly affects the
microstructure and overall quality of dairy products (Grotenhuis et al. 1999; Van Aken & Visser
2000; Lopez et al. 2001a,b; Lopez et al. 2005).
Advances in the methods used for analyzing and characterizing the microstructure formed by
milk fat have been made throughout the years and this has led to numerous opportunities for
improving the properties of several food products (Peyronel & Campos 2012). Besides its
importance in food manufacturing, increased knowledge of the microstructure of milk fat could
also significantly impact consumer health. Nutritionally, milk fat is considered to be unhealthy as
it contains high levels of saturated fats (Parodi 2004). Thus, a popular solution nowadays is to
blend milk fat or butter with vegetable oils to increase unsaturation which in turn, greatly affects
microstructure, thermal and mechanical properties, and sensory perceptions (Smet et al. 2010;
Kerr et al. 2011; Bugeat et al. 2011; Kaufmann et al. 2012). By knowing specific effects of these
changes on the crystallization behavior of milk fat, effective solutions can be provided.
In this chapter, the different structures formed by milk fat crystal networks are described. In
addition, current methods used to characterize these structures, and the effect of compositional
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and environmental factors on the microstructure are discussed. Lastly, and more importantly, we
also elaborate on the impact of the resulting microstructure on the quality (e.g. rheology and
texture) of different milk fat products.

2.3 Milk fat crystal structure
The microstructure of milk fat determines, to a large extent, its mechanical, textural and
functional properties. Due to the advantages that milk fat provides in numerous food
applications, many studies have been conducted on its crystallization behavior, crystal structure
formation and how these are affected by compositional changes and different environmental
factors.
A range of methods such as various microscopy techniques (e.g. polarized light microscopy
(PLM) and scanning electron microscopy (SEM)), differential scanning calorimetry (DSC),
pulsed nuclear magnetic resonance (pNMR), and wide-angle (WA-) and small-angle (SA-)
powder x-ray diffraction (XRD) are currently being used to analyze the microstructure and
thermal behavior of milk fat (Peyronel & Campos 2012). However, most recently, ultra-small
angle x-ray scattering (USAXS) and cryogenic transmission electron microscopy (cryo-TEM)
were found to be useful in describing the structure formed by triacylglycerol networks on the
nanoscale (0.4 – 500 nm) (Acevedo et al. 2011; Marangoni et al. 2012; Acevedo 2012; Acevedo
& Marangoni 2015).
2.3.1 Mesoscale structure of milk fat
Milk fat crystal structure at the mesoscale (approximately 1-200µm) is usually studied using
PLM and SEM (Marangoni et al. 2012). At this scale, fat crystals are described according to
their crystal habits (size and shape) which include spherulites, needle-like crystals, platelets,
disordered aggregates and fractal-like aggregates (figure 2.2) (Marangoni & Mcgauley 2003;
Marangoni et al. 2012). Often, along with this microstructural characterization, powder XRD and
DSC measurements are also performed to be able to describe the molecular arrangement of
TAGs (polymorphism) and the melting behavior of the crystals associated with the particular
microstructure. pNMR is also a useful tool to complement these studies and is used to quantify
the degree of crystallization, or solid fat content (SFC).
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Figure 2.2. Spherulitic crystal growth of milk fat observed under polarized light microscope
(PLM). Adapted from Marangoni et al., 2013.
2.3.1.1 Polymorphism
Polymorphism of milk fat is a result of the various conformations in which TAGs can pack and
stack in a lamellar crystal (Sato 2001; Marangoni et al. 2012). The more compact the TAG
packing, the more bonds or interactions they make and the more dense and stable they are
(D’Souza et al. 1990). Generally, three polymorphs are observed in milk fat namely alpha (α),
beta prime (β') and traces of beta (β). Polymorphism refers to the geometrical packing
arrangement of the ethylene groups within the long fatty acid hydrocarbon chains within the
TAG unit cell. Surprisingly, only three major subcell structures are observed in fats - hexagonal,
orthorhombic perpendicular and triclinic (figure 2.3) (Woodrow & deMan 1968; Sato 2001;
Lopez et al. 2001a,b; Lopez et al. 2005; Marangoni & Wesdorp 2013a). According to D’Souza
et al. (1990) and Larsson (1966), α, β' and β polymorphs are characterized by d-spacings 4.15Ǻ,
3.8 and 4.2Ǻ, and 4.6Ǻ, respectively. The β polymorph is the most stable and therefore has the
highest melting point, while α is the least stable and has the lowest melting point (D’Souza et al.
1990; deMan 1992). The driving force for TAGs to nucleate into a certain polymorphic form can
be described using the concept of activation energies for nucleation (Marangoni et al. 2012).
Formation of α crystals requires a lower activation energy of nucleation while β' and β
polymorphs have higher activation energies of nucleation (Marangoni et al. 2012; Sangwal &
Sato 2012; Marangoni & Wesdorp 2013b). As a consequence, the kinetics of nucleation for the α
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form are much faster than for the other polymorphs (Grotenhuis et al. 1999; Martini et al. 2001).
Thus, more frequently, upon crystallization, the α polymorph appears first which eventually
transforms into the β' or β form, since the α polymorph is thermodynamically unstable (Sato
2001; Sato & Ueno 2011). According to Sato (2001), polymorphic nucleation is governed by the
Ostwald rule where the metastable form nucleates first under high supersaturation or
undercooling conditions (i.e., high cooling rate or lower temperatures), followed by a step-bystep phase change that leads to the formation of more stable crystal polymorphs. It is only when
the supersaturation is decreased (i.e. very slow cooling or higher temperatures) that this rule is
not followed and the more stable forms nucleate first (Grotenhuis et al. 1999; Sato 2001; Lopez
et al. 2001b; Lopez et al. 2005).

Figure 2.3. Three major subcell structures observed in fats: (a) hexagonal (b) orthorhombic
perpendicular and (c) triclinic. Adapted from Marangoni & Wesdorp, 2013a.

Another aspect of polymorphism is what used to be called at one time, polytypism. This refers
to the ability of TAGs to stack epitaxially in different chain length configurations such as double
(2L) and triple (3L) chain lengths (Marangoni et al. 2012). Due to the flexibility of the TAG
hydrocarbon chains, TAGs can pack into either a tuning fork or a chair conformation (Marangoni
et al. 2012). These conformations are characterized by having two fatty acids (sn-1 and sn-3, and
sn-1 and sn-2, respectively) in the same alignment as that of the glycerol plane. TAGs therefore
could stack-up in the lamellae either “back to back” or “seat to seat”, depending on the type of
TAGs present, which then result to the 2L and 3L chain lengths (figure 2.4) (Marangoni et al.
2012). These two different structures exist because of chain sorting, that is, when three fatty acid
moieties in the TAG structure are very similar, a 2L structure is formed while when there is one
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or two fatty acids that are different from the other, a 3L structure is formed (Aken & Visser
2000; Sato 2001).

Figure 2.4. Epitaxial packing of triacylglycerols in different chain length configurations: (a)
double, 2L and (b) triple, 3L chain lengths. Adapted from Marangoni & Wesdorp, 2013a.
2.3.1.2 Phase behavior and fractionation
TAGs in milk fat can be categorized according to their melting points (Timms 1980; Dimick et
al. 1996; Aken & Visser 2000). TAGs that have final melting points above 50ºC are classified as
high melting fraction (HMF), while those melting between 40ºC to 30ºC as middle melting
fraction (MMF), and TAGs melting above 15ºC as low melting fraction (LMF) (Timms 1980).
Due to the presence of these fractions, three physical phases may be present during
crystallization of milk fat, namely, solid, liquid and semi-solid at certain temperatures (Timms
1984; Marangoni & Lencki 1998; Campos et al. 2003). This forms the basis for separating the
different fractions since it is known that the solid phase at higher temperatures is mainly
composed of HMF and some MMF, while LMF is expected to crystallize at very low
temperatures (Timms 1984; Dimick et al. 1996). Separation of the fractions is performed either
by dry fractionation, which utilizes only the difference in the melting points as basis for
separating the fractions, or solvent fractionation, which also uses the melting points as basis but
the fractions are obtained with the use of a solvent (Dimick et al. 1996; Marangoni & Lencki
1998; Vanhoutte et al. 2002).
These fractions and their mixtures have been extensively studied for their properties and
applications. For example, Cisneros et al. (2006) found that the isothermal crystallization of a
mixture of HMF and LMF (40:60) at 5 ºC, follows the Ostwald rule where the α crystals are first
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formed which transform into the β' polymorph and some traces of β crystals in time. In another
study, Marangoni & Lencki (1998) examined the ternary phase behavior of milk fat, in which
they found that mixing LMF with either HMF or MMF forms a partial solid solution, while a
mixture of HMF and MMF forms an ideally soluble mixed crystal. Furthermore, they found that
interaction between LMF and MMF is stronger than that of LMF and HMF, and that between
MMF and HMF.
The study of phase behavior is important as it can be used to manufacture the desired structures
or polymorph for optimum product structure and quality.
2.3.1.3 Solid fat content and crystallization/ melting behavior
The amount of crystals formed, or solid fat content (SFC), is frequently measured using pNMR
but it could also be determined by the amount of energy released during melting using DSC
(Lopez et al. 2001a). Authors often describe the crystallization of milk fat as a two–step process
where the first step is characterized by a rapid increase in SFC at a fast rate which indicates the
growth of α crystals, followed by a plateau, which is related to the transformation of α crystals
into the β'. This process does not generate an increase in SFC as some α crystals are melted to
form the more stable β' (Foubert et al. 2006). The second step is then indicated by an increase in
SFC due to the growth of β' crystals up until a maximum is reached (Grotenhuis et al. 1999;
Foubert et al. 2006; Cisneros et al. 2006; Wiking et al. 2009). By crystallizing a mixture HMF
and LMF at 5ºC, Cisneros et al. (2006) showed that the sudden increase in the SFC during the
second step of crystallization is due to the delayed crystallization of the melt into the β'
polymorph.
The isothermal crystallization process is often characterized and quantified using the Avrami
equation given by:
!"#(%)
!"# (()

= 1 − 𝑒 -.%

/

where SFC (t) is solid fat content as a function of time, SFC (∞) is the limiting SFC, k is the
crystallization rate constant; t is time of crystallization; and n is the Avrami exponent which
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indicates the crystal growth mechanism and has a value ranging from 0 to 4 (Wright &
Marangoni 2003; Campos et al. 2003).
Due to polymorphism and the presence of the three TAG melting fractions (i.e., HMF, MMF and
LMF) in milk fat, a broad melting range is often recorded using DSC upon heating. According to
Timms (1980), upon melting of milk fat, three overlapping melting peaks are observed whose
enthalpies and peak temperatures vary depending on the thermal treatments that were applied
(i.e. crystallization and heating rates; and thermal history). In terms of polymorphism, according
to Lopez et al. (2005), the general pattern for melting a previously slowly cooled milk fat
involves the melting of the α 3L crystals first with a final melting point of around 13ºC, and then
the melting of the β' crystals with final melting points at 19.5ºC and 24ºC, and higher melting β'
crystals (i.e. composed mainly of higher melting TAGs) with the final melting point at around
40ºC. When fat is subjected to fast cooling, however, a lower final melting point of 35ºC for the
β' polymorph is recorded upon melting (Grotenhuis et al. 1999).
2.3.2 Nanoscale structure of fat crystal networks
An important breakthrough in the characterization of the structures created by triacylglycerol
crystal networks has been made recently, and that is, the extraction, isolation and
characterization of nanoplatelets formed through the crystallization of blends of tristearin and
triolein (Acevedo & Marangoni 2010b; Acevedo 2012). Individual crystals were also described
and measured by Heertje and Leunis (1997) by removing oil and fixing fat in a carbon film for
visualization under electron microscopy.

Figure 2.5. Stacking of several triacylglycerol lamellae to form crystal nanoplatelets (CNPs).
Adapted from Marangoni et al., 2012.
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During fat crystallization, growth of the crystals results in the formation of different polycrystals
and crystal aggregates. Throughout the years, these polycrystals were believed to be the result of
the aggregation of primary crystals that are observable under PLM (Marangoni et al. 2012).
However, with the application of shear to reduce the size of the crystals up to the nanometer
range, Acevedo & Marangoni 2010a&b showed that the primary crystals are far smaller in size
and involve crystal nanoplatelets (CNPs). CNPs are a result of the stacking of several TAG
lamellae (figure 2.5) that are held together by London-van der Waals forces to form crystalline
domains (Acevedo et al. 2011; Acevedo & Marangoni 2015). The thicknesses of these domains
agree with the thickness of the nanoplatelets (Acevedo et al. 2011). Aggregation of these CNPs
then results in the formation of different polycrystals which are visualized under PLM and affect
the properties of the milk fat macrostructure.
With the use of USAXS, the size of scatterers and their fractal structures could be characterized
(Peyronel, Quinn, et al. 2014). In contrast to wide angle x-ray Scattering (WAXS) and small
angle x-ray scattering (SAXS), which define reflections at angles between 12º<2θ<35º and
between 1º<2θ<12º, respectively, USAXS measures at an angle close to 2θ=0 (Peyronel &
Campos 2012). WAXS determines distances between atomic planes (i.e. polymorphism), and
SAXS determines distances between TAG lamellae, while USAXS allows for the determination
of colloidal sizes (CNP aggregates), surface characteristics and distribution of mass in space
(figure 2.7) (Peyronel & Campos 2012; Peyronel et al. 2014; Peyronel, Quinn, et al. 2014).

Figure 2.6. Crystal nanoplatelets (CNPs) observed under cryogenic transmission electron
microscope (Cryo-TEM). Adapted from Acevedo et al., 2011.
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Observation of single nanocrystals under cryo-TEM is challenging because of the presence of
liquid oil (Marangoni et al. 2012). Therefore, an extraction method was developed using cold
isobutanol to wash-off oil present in the system, either trapped within the crystalline structures or
is free. After that, disruption of the crystals down to nanoplatelets is achieved using a rotostator
with speeds up to 30,000 rpm. The nanoplatelets are then kept from aggregating using a
sonicator. This method allows for imaging under cryo-TEM and in combination with USAXS,
certain measurements (e.g. length and thickness) could be confirmed (Acevedo 2012).
Findings by Acevedo et al. (2012), suggest that processing conditions do not greatly affect the
nanoscale structure of fat crystal networks as much as they affect the microstructure. As CNPs
are the building blocks of larger crystal aggregates, nano-engineering could be key to improving
the crystalline structure of products and developing new technologies for various applications
(Acevedo & Marangoni 2010b).

2.4 Effect of different factors on the crystallization behavior and
microstructure of milk fat
Crystallization of milk fat, like other fats and oils, is strongly affected by its composition and
various environmental factors. Significant variation in its saturation index, for example, (i.e.
saturated fatty acid to unsaturated fatty acid ratio) greatly affects its crystallization behavior (i.e.
induction time and polymorphism). Furthermore, as milk fat is added as an ingredient,
processing conditions (e.g. mixing, shear emulsification, etc.) for the manufacture of the
products affect its resulting microstructure, and therefore its contributory effect to the quality of
the product. Discussed below are some factors that were found to significantly affect milk fat
crystal structure.
2.4.1 Processing conditions
2.4.1.1 Different crystallization mechanisms
The study of the kinetics of milk fat crystallization is carried out under isothermal and nonisothermal conditions (Marangoni et al. 2006; Fredrick et al. 2011). Isothermal crystallization is
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performed by cooling milk fat down to a target temperature, keeping it at that crystallization
temperature and monitoring the changes in the crystalline mass. On the other hand, nonisothermal crystallization is carried-out by gradually and continuously decreasing the
temperature down to the desired crystallization point. Observed here is the differences in the
microstructure at different cooling rates and transitions that occur as the temperature is decreased
(Lopez et al. 2001a,b).
2.4.1.2 Crystallization temperature and cooling rate
2.4.1.2.1 Crystallization temperature
Stability of the crystals formed during the crystallization process and during storage is dependent
on the crystallization temperature. At lower temperatures (i.e. higher supercooling), the transition
of less stable to more stable crystal forms (e.g. α to β') is delayed or completely hindered mainly
due to the higher ratio of solid to liquid fat. Under these conditions, there is less mobility of
molecules, preventing them from rotating or migrating into more stable packing (Grotenhuis et
al. 1999; Cisneros et al. 2006). On the other hand, crystallization at higher temperatures results
in a faster transition of less stable crystals to more stable crystal forms because more liquid fat is
available for the dissolution of TAGs (Grotenhuis et al. 1999; Cisneros et al. 2006; Bugeat et al.
2011).
Subjecting milk fat to fast cooling down to different target crystallization temperatures allowed
Lopez et al. (2001a) and Mazzanti et al. (2004a) to demonstrate that at crystallization
temperatures greater than or equal to 20ºC, all α crystals are transformed into β' with some traces
of β, and no α crystals remain. On the other hand, at temperatures between -8 and 20ºC, coexistence of α and β' crystals occurs because transformation of α to β' is slowed down and at
temperatures below or equal to -8ºC, only the α form exists.
Fluctuations in the temperature during crystallization was also found to affect the resulting
microstructure of milk fat (Buldo, Andersen, et al. 2013). It was found that rise in temperature
from 5 to 25ºC for short periods of time (temperature cycling) during 8 days of isothermal
crystallization resulted to harder, more stable and denser crystals due to sintering (Buldo,
Andersen, et al. 2013). Sintering allows TAGs to melt and migrate to fill spaces in the network,
thus resulting in a more compact structure.
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2.4.1.2.2 Cooling rate
Another important factor in determining the resulting microstructure of milk fat during
crystallization is cooling rate. Microscopically, at fast cooling rates (>0.5ºC/min), smaller
crystals are formed while at slow cooling rates (≤0.5ºC/min), larger crystals develop (Campos et
al. 2002; Wiking et al. 2009) (figure 2.7a and 2.7b). In terms of polymorphism, it was found that
when milk fat was subjected to fast cooling during crystallization, the formation of the least
stable α crystals was favored (Lopez et al. 2001a; Lopez et al. 2005). This is because during fast
cooling, TAGs do not have the time to arrange themselves into more stable forms and therefore,
it is more energetically favorable, from a kinetic perspective, for them to self-assemble into a
less stable, but more accessible form (Marangoni et al. 2012). On the other hand, at slow cooling
rates, milk fat crystallizes into the β form because TAGs have time to arrange themselves and
exclude TAGs that do not fit into the more compact crystalline lattice (Martini et al. 2001). It is
therefore expected that at very slow cooling rates, β crystals would be formed. This was
observed by Lopez et al. (2001b), however at slow cooling rates ending at high crystallization
temperatures, Mazzanti et al. (2004a) found that only the β' form exists because formation of β
crystals is dependent on the formation and transition of the α form.

Figure 2.7. Polarized light microscope (PLM) micrographs of anhydrous milk fat crystallized (a)
rapidly (1.0ºC/min) and (b) slowly (0.1ºC/min). Adapted from Martini & Marangoni, 2007.
2.4.1.3 Agitation, shear and ultrasound
2.4.1.3.1 Agitation
Agitation of milk fat during crystallization usually occurs during the manufacture of many
milkfat-containing food products. Herrera & Hartel (2000) found that when a mixture of HMF
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and LMF was subjected to high agitation rates during crystallization, many small crystals were
formed. On the other hand, when milk fat was crystallized statically, fewer and larger crystals are
formed. One of the reasons provided was that during agitation, air bubbles are incorporated in
the system which could act as nucleating agents thus, increasing nucleation rate, therefore
leading to the formation of numerous small crystals. In another experiment, Vanhoutte et al.
(2002) suggested that agitation during crystallization of milk fat results in better fractionation
due to uniform heat transfer.
2.4.1.3.2 Shear-induced crystallization
Shear is often applied in the processing of products such as chocolate, margarine, spreads and
butter to improve their sensorial attributes because mixing improves heat transfer and induces
uniformity in the final product. Many authors have described the effects of shear on fat
crystallization, especially cocoa butter (Mazzanti et al. 2004b; Campos & Marangoni 2014).
Most recently, Mazzanti et al. (2009) studied the crystallization kinetics of milk fat under shear
using a detailed synchrotron X ray and the results showed that high shear rates induces the
transition of the α to the β' polymorph which agrees with a previous study showing phase
transitions being accelerated in different edible fats due to application of shear (Mazzanti et al.
2003).
2.4.1.3.3 Ultrasound or ultrasonication
Ultrasound application has been widely used in food processing due to its advantages such as
improving uniform heat transfer during cooking, drying and freezing; enhancing degassing and
filtration of different liquid products; and speeding-up different processes like emulsification and
oxidation (Chemat et al. 2011).
With the aim of improving its mechanical properties, high-intensity ultrasound (HIU) at
frequencies of 20kHz was applied to milk fat during crystallization (Martini et al. 2008; Suzuki
et al. 2010). It was found that when HIU is applied, faster crystallization occurs and smaller
crystals are formed (Martini et al. 2008; Suzuki et al. 2010). In another study, Frydenberg et al.
(2013) found that with the application of HIU, transition of α crystals to a denser β’ was faster
and that more uniform crystals were formed. Furthermore, HIU treatment for short periods of
time were found to increase solid fat content but have detrimental effects when applied for
longer periods of time, mainly due to excessive heating (Wagh et al. 2016).
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2.4.2 Composition
2.4.2.1 Minor components
Milk Fat is composed of approximately 96-98% TAGs, with minor components such as
monoacylglycerols (MAG), diacylglycerols (DAG), free fatty acids (FFA), cholesterols,
glycolipids and other polar lipids amounting to approximately 2-4% (McGibbon & Taylor 2006).
Although very low in concentration, these components were found to have a significant effect on
the crystallization kinetics of milk fat (Wright et al. 2000; Wright & Marangoni 2002 & 2003;
Mazzanti et al. 2004a).
By comparing the crystallization behavior of native AMF and milk fat containing only TAGs
(MF-TAG), Wright et al. (2000) and Mazzanti et al. (2004a) showed that the presence of minor
components at their natural levels delays the onset of crystallization at high crystallization
temperatures and favors formation of α and β crystals at high cooling rates and low
crystallization temperatures. Equilibrium SFC and overall mechanical and structural properties
of milkfat, on the other hand, remained unaffected (Wright et al. 2000; Wright & Marangoni
2002 & 2003).
2.4.2.2 Blending with different fats and oils, and waxes
Blending of different fats and oils with milk fat is usually carried out to improve its functionality
and nutritional value. In most cases, they are added to increase the unsaturation level which in
turn alters the resulting crystal structure (Smet et al. 2010; Bugeat et al. 2011) . For example,
Wright et al. (2005), showed that adding canola oil to milk fat leads to dissolution of milk fat
solids and entrainment of oil in the crystalline structures which results in very soft and oily
products. Furthermore, at increasing concentrations, crystallization is delayed and at a 1:8 w/w)
ratio (milk fat: canola oil), formation of β crystals is favored. Kaufmann et al. (2012), on the
other hand, showed that addition of rapeseed oil results in a faster transition of α to β' form due
to increased mobility through an increased ratio of liquid fat.
Addition of wax, in contrast, is usually done to increase the melting point and speed-up
hardening of milk fat. According to Kerr et al. (2011), adding sunflower oil wax to milk fat
results in a faster crystallization and formation of smaller sized crystals. This is because waxes
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have high melting points which allows them to crystallize at a lower supercooling and therefore
serve as seeding nuclei for milk fat crystallization.
2.4.3 In a dispersed state (emulsion)
Naturally in milk, fat is present as emulsion droplets (i.e. globules) surrounded by a membrane
(phospholipid bilayer), composed of proteins, phospholipids, glycolipids and other materials
(McGibbon & Taylor 2006). In products such as whipped cream, butter, and ice cream, this
globular property of milk fat is essential because of the structures that it can form through
controlled emulsion destabilization.

Figure 2.8. Schematic representation of different types of emulsion destabilization in milk: (a)
creaming, (b) coalescence and (c) flocculation.

Destabilization of emulsions occurs because of the lower density of milk fat than water and
aggregation with other globules. Creaming is an example of the former wherein milk fat globules
rise-up and concentrate on top of the water phase (skim milk) (figure 2.8a). On the other hand,
coalescence and flocculation are examples of the latter, wherein globules could collide and
coalesce or flocculate (figure 2.8b & c).
The most useful destabilization phenomenon for products (e.g., for ice cream, butter, whipped
cream), however, is partial coalescence. When TAGs inside the globules crystallize, needle-like
crystal structures are formed. Upon application of shear, these crystals can pierce through and
rupture the membrane where they are contained and through that of another globule. Thus, the
globules become interconnected through these crystals. At favorable temperatures, oil is released
which becomes the dispersing phase for the crystals and prevents complete coalescence of the
globules. Their shape is therefore partially retained and a network of interconnecting partial
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globules is formed (figure 2.9). This is different from flocculation since partial coalescence
results in an irreversible aggregation while flocs can easily be broken-up.

Figure 2.9. Partial coalescence of milk fat globules observed under cryogenic scanning electron
microscope (cryo-SEM). Photo courtesy of Dr. Alexandra Smith, University of Guelph.

2.4.3.1 Emulsified state (cream) vs bulk state or anhydrous milk fat (AMF)
Crystallization of milk fat in cream is more complicated than that of bulk (without the
membrane) due to the variation of TAGs within each globule. Furthermore, in terms of rate of
crystallization, that of the emulsified state is slower (Fredrick et al. 2011). According to Walstra
et al. (1999), crystallization of fats is sped up by presence of catalytic impurities which induce
heterogeneous nucleation of milk fat. In the bulk state, these catalytic impurities are readily
available for nucleation and growth. On the other hand, in the emulsified state, depending on the
amount, some of these catalytic impurities are partitioned into globules while some globules will
not contain any (figure 2.10). Thus, nucleation of TAGs in some of these globules will take place
heterogeneously, while in globules devoid of these impurities, TAGs would have to nucleate
homogeneously which is energetically more difficult, displays a longer induction time and
requires a higher degree of supercooling (Coupland 2002; Tippetts & Martini 2009).
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Figure 2.10. Schematic representation of the distribution of catalytic impurities in (a) bulk and
(b) globules.

In terms of polymorphism, at fast cooling rates, cream and AMF crystallize via the same
mechanism where the α polymorph is formed and then transforms into the β’ form. Transition of
one form to another in cream, however, is slower than that in AMF. Thus, coexistence of the
different crystal forms occurs in cream (Lopez et al. 2002). On the other hand, at slow cooling,
AMF crystallizes directly into the β’ form while cream crystallizes in the α polymorph.
2.4.3.2 Emulsion droplet size
Milk fat globules naturally have a size of 1.8 to 15µm which makes them large enough to favor
destabilization as they can easily rise-up or collide with each other (McGibbon & Taylor 2006).
In many industries where destabilization is undesirable, reduction of emulsion droplets up to 10x
is performed. This is usually carried out by homogenization at high pressures.
The effect of this process on crystallization was then investigated and it was found that the
smaller the average emulsion droplet size, the higher supercooling was needed and the slower the
crystallization rate. Furthermore, Bugeat et al. (2011) found that confinement of long chain
TAGs in smaller emulsion droplets enhances the formation of β crystals while decreases that of
β’. In homogenous products, prevention of fat clumping is desirable, however, in products that
depend on partial coalescence, reduction of droplet size could be a disadvantage.
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2.4.3.3 Addition of emulsifiers
Emulsifiers are usually added to food to improve the stability of emulsions. Emulsifiers, in
general, affect the onset of nucleation. They could either enhance or inhibit crystallization
depending on the molecular structure similarity of emulsifiers with TAGs or their surface
properties. By studying the effect of the addition of lactose monolaurate (LML) on the
crystallization behavior of milk fat, Wagh et al. (2013), concluded that the addition of
emulsifiers delays the onset of crystallization, decreases the amount of solid crystals formed and
therefore, decreases the viscosity of the system.
2.4.4 In food matrices
2.4.4.1 Water-in-oil emulsion
Butter is a product made from cream and is a water-in-oil emulsion. As discussed in the previous
section, the destabilization process governing crystal network formation in this product is partial
coalescence. Two major processes influencing the final microstructure are churning and
working. During churning, continuous collision of fat globules occurs which leads to damage of
the fat globule membrane and formation of large butter grains. After this process, large moisture
droplets become entrapped which prevents the grains from forming a continuous network.
Therefore, working is done to reduce moisture and moisture droplet size. This then allows the
formation of a water-in-oil emulsion. Figure 2.11 shows the resulting microstructure of butter.
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Figure 2.11. Microstructure of butter under cryogenic scanning electron microscope (cryo-SEM).
Photo courtesy of Dr. Alexandra Smith, University of Guelph.

A substantial amount of liquid fat must be present to act as a sticking agent to keep the network
together and to prevent complete coalescence of the globules. This could be achieved by
churning at 15-20ºC (Walstra et al. 2006).
Studies by Buldo et al. (2013), show that before churning, the crystals observed in cream are in α
form which transforms readily to β' upon churning. This result agrees well with those discussed
in section 2.4.1.3, where the application of agitation, shear or ultrasound induces faster phase
transitions. On the other hand, Ronholt et al. (2012), showed that maturing cream prior to
churning could result in the formation of β crystals. Furthermore, slow cooling of cream results
in the formation of fewer crystals with a wider size distribution while fast cooling yields more
uniform crystal size distribution.
2.4.4.2 Foamed emulsions
Milk fat products that depend on partial coalescence to stabilize air bubbles include whipped
cream and ice cream. Whipped cream is created by beating air into the cream, therefore resulting
into the entrapment of air bubbles within the milk fat crystal network (i.e., partial coalesced
globules) (figure 2.12). In this system however, too much liquid fat could cause the foam to
collapse, thus, very little is required. Furthermore, large crystals can pierce through the air
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bubbles, thus, the globules are homogenized to disrupt the membrane and to keep fat crystals
small. Reducing the size of the globules, in turn, could result in excessive stabilization of
globules and thus a surfactant or emulsifier is usually added. According to Truong et al. (2014),
reducing fat particle size up to the nano range results in a lower percentage of overrun (i.e., lower
amount of air incorporation) and destabilization or complete collapse of foams.

Figure 2.12. Microstructure of whipped cream under cryogenic scanning electron microscope
(cryo-SEM). Photo courtesy of Dr. Alexandra Smith, University of Guelph.

Milk fat greatly contributes to the structure formation in ice cream (Goff & Hartel 2013). Like
whipped cream, homogenization is carried out so that small fat droplets (average size of 0.8µm)
become dispersed throughout the ice cream matrix. Addition of surfactant, or emulsifiers then
follows to enhance globule partial coalescence (Goff 2008). Competitive displacement of the
large protein molecules on the surface of fat droplets by smaller molecule surfactants lowers
surface tension and therefore favors partial coalescence (Goff & Hartel 2013). Together with
proteins, the network formed by clusters of fat globules stabilize the air bubbles that are
incorporated in the ice cream mix during whipping or air injection (Goff 1997). As the dispersed
droplets can form a semi-continuous network throughout the matrix, they are able to cut through
the lamellae between air cells, resulting in smaller air bubbles which is important for maintaining
the shape of ice cream (Goff & Hartel 2013).
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2.4.4.3 Chocolate
Application of shear during conching of chocolate greatly determines the final quality of the
product especially viscosity and flavor development (Afoakwa 2010). This process, in turn
affects the microstructure and polymorphism of cocoa butter (CB) (Brunello et al. 2003; Campos
et al. 2010; Campos & Marangoni 2014). Milk fat is usually blended CB because of its desirable
sensory qualities and lower price. Furthermore, it prevents the extensive hardening of chocolate
as found by Martini & Marangoni (2007) that when HMF is added to CB, larger crystals are
formed which results in a reduced contact area between crystals and a less compact network. In
addition, blending of milk fat with CB was found to prevent bloom formation, a type of defect in
chocolate. This is because the presence of milk fat crystals in the matrix delays the transition of
the less stable V polymorph to the most VI polymorph which is responsible for formation of
white film on the surface of chocolate (Sonwai & Rousseau 2010).
2.4.4.4 Cheese
Fat in natural cheese strongly influences sensory qualities. During processing, milk fat affects the
amount of moisture retained in cheese and therefore determines greatly the texture of the final
product. Then, during ripening, it acts as a precursor for several volatiles that provide distinct
flavors to different cheese varieties (Guinee & McSweeney 2006).
Looking into the microstructure of cheese, fat globules can be seen in the spaces or pockets
throughout the protein gel matrix formed by caseins. Processing temperatures, however, liquefy
most of the milk fat and therefore the tendency for them to coalesce and form large globules at
certain areas in the cheese is high. According Lopez et al. (2006), aggregation and coalescence
of milk fat in Emmental cheese during processing significantly affects its crystallization and
melting properties.
Such destabilization also plays a role in the manufacture of processed cheese. As the texture of
this product is greatly dependent on milk fat properties, stability of fat within the protein matrix
is one of the most important considerations during processing. By homogenizing milk fat,
globule size distribution is made more uniform which is followed by emulsifier addition to keep
a stable dispersion of fat throughout the product. Processed cheese is stored at refrigeration
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temperature which causes fat to crystallize and according to Gliguem et al. (2011), the thermal
history and polymorphism of milk fat affects the viscoelastic properties of processed cheese.
Using XRD, it was found that TAGs in processed cheese crystallize in the β' form upon
equilibration at 25ºC from 4ºC. Furthermore, after melting to 60ºC and crystallizing down to 10ºC, only a single α polymorph is formed (Gliguem et al. 2009). Ultimately, it was found that
changes in the viscoelastic and rheological properties of processed cheese as a function of
temperature is affected mainly by the polymorphism and thermal properties of milk fat (Gliguem
et al. 2009 & 2011).

2.5 Impact of resulting microstructure on the properties of different milk fat
products
As elaborated in the previous sections, different processing conditions result in changes to milk
fat microstructure which translate into significant effects on the macrostructure and therefore, the
overall quality of milk fat products. In this section, the impact of these changes on certain milk
fat-structured products will be described.
2.5.1 Rheology
One of the most important qualities of products made-of or containing milk fat (i.e., milk fat
products) that determine their acceptability is texture as it affects mouthfeel, appearance and
other sensory attributes. The rheological properties of milk fat products can be correlated with its
textural properties such as hardness, firmness, spreadability and viscoelasticity are of economic
importance for the industry especially in butter. Analytical techniques such as penetrometry,
compression studies, sectility or the ability of the product to be cut into pieces, extrusion
methods, and small deformation studies have been used extensively to characterize the texture of
butter after manufacturing (Wright et al. 2001). These results of rheological or textural
characterization are usually correlated with the results of the sensory analysis of milk fat
products.
The hardness or firmness of milk fat products has been found to be greatly affected by the size of
crystals present. When large crystals are present, the product is softer and easier deformed which
could be explained by the amount of surface area in which crystals are in contact with other
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crystals. Due to their large size, only few areas can interact with other crystals thus resulting to a
more loose structure. In contrast, when smaller fat crystals are present, the product becomes
firmer because the surface area for interaction becomes larger. The force needed to break intercrystalline interactions and to deform the product therefore increases (Campos et al. 2002; Kerr
et al. 2011; Danthine 2012).

Figure 2.13. Spatial distribution of mass and its corresponding fractality, where D is fractal
dimension. Adapted from Marangoni et al., 2013.

The ratio between solid and liquid fat, i.e., the SFC at specific temperatures also affects the
viscoelastic properties of milk fat-containing products. When more liquid fat is present in the
system, the product becomes soft and runny while when more solid fat is present, it becomes
firm and viscous. As described earlier, due to the complexity of the TAG composition of milk
fat, solid and liquid phases could exist at the same time at certain temperatures, thus, a specific
balance between these phases could result to a desirable viscoelastic property (Wright et al.
2001; Marangoni et al. 2012).
An important topic in the discussion of the rheological properties provided by fat crystal
networks is their fractal nature. Fractals are defined as self-similar across different length scales
and this applies to fat crystal networks as it is a product of the aggregation of primary crystals
(Marangoni 2002). The relationship of the shear elastic modulus (G') to the volume fraction of
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solid fat (Φ) has been used to quantify the microstructure of fat crystal networks, and Narine &
Marangoni (1999a) demonstrated that this could be done via the mass fractal dimension (D) of
the network,
𝐺′~Φ4
where G' is the shear elastic modulus, Φ is the particle volume fraction of solid fat and m
depends on the fractal dimension.
The fractal dimension is a measure of the order in which solid mass is spatially distributed in the
network. The higher the fractal dimensions, the more ordered the distribution (figure 2.13)
(Marangoni 2002). Furthermore, by examining different fat mixtures (e.g. milk fat, cocoa butter,
lard), Narine & Marangoni (1999b) showed that increasing fractal dimensions (D) results to
lower shear modulus (G’) normalized by a constant γ (figure 2.14).

Figure 2.14. The relationship between fractal dimension (D) and shear modulus (G¢) normalized
by a constant γ. Adapted from Narine and Marangoni, 1999.

Measurement of fractal dimensions is carried out by image analysis of the micrographs obtained
using PLM (Wright et al. 2001; Marangoni & Ollivon 2007). The fractal dimension (D) is
defined as,
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6 8
7

N>>1

where N is the number of particles in an object or region of interest, R is linear size of the fractal
and σ is linear size of one particle making up the fractal object (Narine & Marangoni 1999a).
It is important to note that micrographs are a 2-dimensional (2D) representation of the crystal
network while it is known that crystal networks extend into a 3-dimensional (3D) plane.
According to Tang & Marangoni (2006), to be able to count the 3D fractal dimension of fat
crystal networks, counting must be done through image analysis of 3D stacks of the sample.
The box counting fractal dimension of a wax crystal network is strongly related to its oil binding
capacity (Blake et al. 2014). It was found that a higher fractal dimension, and therefore a lower
porosity of wax-oil gels results in an increased oil binding capacity. Marangoni & Mcgauley
(2003), on the other hand, showed that box counting fractal dimension could also be used to
quantify changes in microstructure as it indicates nucleation behavior. Fractal dimension was
found to be inversely proportional with the Avrami exponent. The use of box counting fractal
dimension was also extensively used in making models to study the crystallization behavior of
triacylglycerols and properties of colloidal networks (Tang & Marangoni 2006; Marangoni et al.
2006; Tang & Marangoni 2008).
2.5.2 Thermal stability
Most products containing milk fat rely on their thermal stability for their shelf stability and
marketability. This is because, when fat melts, the integrity of the product is lost. Thus, much
work has been geared towards increasing the melting point of milk fat- containing products.
Processing conditions are usually manipulated to induce formation of stable crystals (i.e. to
increase melting point), however, a prerequisite for these crystal forms is the presence of
symmetric TAGs (Aken & Visser 2000; Cisneros et al. 2006). Symmetric TAGs are usually
composed of saturated or trans fatty acids so that no kinks or bends are found in their structure,
thus, allowing close packing with other TAGs. With the growing trend of decreasing and
eliminating saturated and trans fatty acids in food products; the addition of unsaturated fatty
acids is believed to be the best solution. However, this could result in a decrease in the melting
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point of milk fat products as well as decrease in SFC, causing the product to melt easily and to
become very oily. Thus, most companies nowadays look for alternatives to increase thermal
stability so as to maintain structure such as the use of edible organogels or oleogels. For
example, Zulim Botega et al. (2013) used wax oleogels as fat replacement in ice cream, while
Zetzl et al. (2012) used ethycellulose oleogels in frankfurters. The very high melting points of
these oleogels (about 80 °C up to 180 °C), however, could result in a waxy mouthfeel or
chewiness of products.
2.5.3 Sensory qualities
Besides providing richness of flavor to food products, milk fat also adds to their texture and
mouthfeel. Especially in ice cream, the network formed by milk fat provides smoothness and
creaminess. When too much fat crystal agglomeration is present, the product becomes dry and
grainy, while when there is too less, the product becomes too light, smooth and somewhat slimy
(Walstra et al. 1999; Goff 2006).
Polymorphism also affects the texture and mouthfeel of milk fat products. As described in
section 2, β crystals are the most stable, followed by β' and then α. When α crystals dominate the
product, it becomes soft. On the other hand, when β' crystals are present at high concentration,
the product becomes more stable, spreadable and elastic, and not easily melted (deMan 1992).
Lastly, when β crystals are present, the product is most stable and high-melting, hard and coarse,
grainy, and non-spreadable (deMan 1992; Danthine 2012).

2.6 Conclusions
The understanding of the structural contribution of milk fat to different milk fat products has
been shown to provide numerous opportunities for improving product quality, optimizing
manufacturing processes, and providing cost-effective solutions. Milk fat is a very complex
system due to the heterogeneity of its composition, however, with the advances in methodologies
for characterizing the structure of milk fat at different scales, changes that occur in its
crystallization behavior and crystal network formation (e.g. crystal habit, polymorphism) as
affected by composition and different processing conditions can be described and explained with
precision. The characterization of the nanoscale structure of triacylglycerol networks using
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USAXS and cryo-TEM brings about new dimensions for analysis and improving the
microstructure of milk fat by nano-engineering of primary crystals (i.e. CNPs). The effect of the
resulting microstructure of milk fat on product properties such as rheology, thermal stability, and
sensory characteristics is as well important in providing a comprehensive description of the
relationship between processing conditions and microstructure, and product quality.
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Chapter 3. Characterization of the nanoscale structure of milk fat
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Abstract
The nanoscale structure of milk fat (MF) crystal networks is extensively described for the first
time through the characterization of milk fat-crystalline nanoplatelets (MF-CNPs). Removing oil
by washing with cold isobutanol and breaking-down crystal aggregates by controlled
homogenization allowed for the extraction and visualization of individual MF-CNPs that are
mainly composed of high melting triacylglycerols (TAGs). By image analysis, the length and
width of MF-CNPs were measured (600 nm x 200 nm–900 nm x 300 nm). Using small-angle
X-ray scattering (SAXS), crystalline domain size, (i.e., thickness of MF-CNPs), was determined
(27 nm (d001)). Through interpretation of ultra- small-angle X-ray scattering (USAXS) patterns
of MF using Unified Fit and Guinier-Porod models, structural properties of MF-CNPs (smooth
surfaces) and MF-CNPs aggregations were characterized (RLCA aggregation of MF-CNPs to
form larger structures that present diffused surfaces). Elucidation of MF- CNPs provides a new
dimension of analysis for describing MF crystal networks and opens-up opportunities for
modifying MF properties through nanoengineering.

3.1 Introduction
Characterization of milk fat (MF) microstructure at different length scales is important in the
description and understanding of its function and importance in various food products. Having a
view of the MF structure at all length scales allows for a comprehensive explanation of the
effects of composition and different processing conditions on the structure and overall quality of
MF- containing products. Previous work on USAXS have identified milk fat – crystalline
nanoplatelets (MF-CNPs) as having smooth sur- faces (Peyronel, Ilavsky, Pink, & Marangoni,
2014), however, visualization of CNPs using Acevedo and Marangoni (2010)’s technique was
not performed. In this article therefore, a comprehensive description of the nanoscale structure of
MF is provided through the extraction and image analysis of MF-CNPs and relating the results
with X-ray scattering experiments. MF is composed of 98% triacylglycerols (TAGs) of extreme

44
heterogeneity that results in a complex thermal behavior (e.g., broad melting points of around 40 to 40 °C) and causes a major challenge in the characterization of its microstructure due to the
presence of liquid oil (Dimick, Reddy, & Ziegler, 1996; Jensen, 2002; Lopez, Lavigne, Lesieur,
Bourgaux, & Ollivon, 2001; Maleky, Smith, & Marangoni, 2011; Timms, 1980). During
crystallization, TAGs pack in different polymorphs at the molecular level and stack epitaxially in
a lamellar structure in a combination of different chain length structures – double, 2 L or triple, 3
L (D’Souza, DeMan, & DeMan, 1990; Marangoni et al., 2012; Sato, 2001). In MF, TAGs are
frequently found to crystallize in the a form at fast cooling rates (>1 °C/min), and b' and b
polymorphs at slow cooling rates (0.1–0.01 °C/min), although co-existence of the different forms
may occur due to the complexity in composition described above (Grotenhuis, Van Aken, Van
Malssen, & Schenk, 1999; Lopez, Bourgaux, & Lesieur, 2002; Lopez et al., 2001). Most studies
of MF structure and properties have focused on molecular arrangements in the solid state and
how different factors such as cooling rate, TAG and fatty acid composition, and shear affect it
(Bugeat et al., 2011, 2015; Campos, Narine, & Marangoni, 2002; Grotenhuis et al., 1999; Lopez,
Lavigne, Lesieur, Keller, & Ollivon, 2001; Lopez & Ollivon, 2009; Lopez et al., 2002). MF
microstructure has been extensively described in the macro-length scale using polarized light
microscopy (PLM). However, few studies have been done to describe the structure of MF in
between these two length scales, which is the nanostructure. Recently, Truong, Morgan, Bansal,
Palmer, and Bhandari (2015) showed the stacking of TAG lamellar structures in nanoemulsions
from fractionated milk fat fractions using cryo-TEM, while Acevedo and Marangoni (2010)
showed that the large polycrystalline structures formed by fully hydrogenated canola oil (FHCO)
in high oleic sunflower oil (HOSO) is brought about by the aggregation of nano-sized primary
crystals (i.e., CNPs).
The recently developed visualization method and characterization of CNPs could play a key role
in describing fat functionality (Acevedo & Marangoni, 2015; Peyronel, Quinn, Marangoni, &
Pink, 2014). CNPs are formed from the stacking of several TAG lamella. The aggregation of
CNPs brings about the formation of a variety of meso- (i.e., submicron) and micro-scale
structures. Light microscopy has been successful in elucidating the microscale, while ultra-small
angle X-ray scattering (USAXS) has been proven useful in characterizing the meso-scale
(Marangoni et al., 2012)
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The X-ray scattering technique allows the characterization of CNPs and their aggregates. The
Guinier-Porod and the Unified Fit models were shown to be of use in obtaining some parameters
(Peyronel, Ilavsky, Mazzanti, Marangoni, & Pink, 2013; Peyronel et al., 2014). Computer
modeling and simulations had shown that some of the parameters obtained from USAXS
analysis can be interpreted in a fractal way (Pink, Quinn, Peyronel, & Marangoni, 2013; Quinn et
al., 2014).
The fractal nature of TAG crystal networks is described as the result of the self-repetition and
aggregation of primary crystals (i.e., CNPs) into larger structures (Narine & Marangoni, 1999a–
c; Marangoni, 2002; Marangoni and Rogers, 2003; Marangoni et al., 2012; Pink, Peyronel,
Quinn, Singh, & Marangoni, 2015). The fractality of TAG networks has been measured by
rheological fractal dimension, Dr, which is inversely related to the shear stress modulus, G'. The
higher the Dr, value, the higher the order of the distribution of solids, and the lower the G'. A
lower G' subsequently indicates a softer material (Narine & Marangoni, 1999 – c; Wright,
Scanlon, Hartel, & Marangoni, 2001). For example, Wright and co-workers found a value of Dr
= 2.45 for MF samples crystallized under slow cooling (0.1 °C/min) and Dr = 1.95 for MF
samples crystallized at fast cooling rates (5 °C/min). Model and simulations paired up with
rheological and USAXS experiments have shown that Dr can be matched to a mass fractal
dimension D at a particular length scale when samples are prepared under specific crystallization
conditions (Pink et al., 2013).
Since MF is added into food products for the characteristic rheological and sensorial attributes it
provides, it is therefore advantageous to describe MF properties according to the morphological
characteristics of its CNPs as well as their aggregates. The morphology and average sizes of MFCNPs and the sizes of its aggregates will be described based on previous work in our lab
(Peyronel et al., 2014).
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3.2 Materials and Methods
3.2.1 Anhydrous milk fat
Anhydrous milk fat (AMF) was obtained from Kraft Foods Group, Inc. (Glenview, Illinois,
USA). AMF was melted to 70 °C, cooled down slowly at approximately 0.1 °C/min to 5 °C and
then stored inside the refrigerator (5–7 °C) for more than two months before the analysis.
3.2.2 Observation of milk fat - crystalline nanoplatelets (MF-CNPs) by cryogenictransmission electron microscopy (Cryo-TEM)
In order to observe MF-CNPs, preparation of AMF was carried out inside a walk-in freezer
(approximately -22 °C) as follows: AMF, previously crystallized (~0.1 °C/min) was suspended
in cold isobutanol at a ratio of 1:50 in order to wash off oil. The mixture was then homogenized
at 25,000–30,000 rpm for 8–10 min using a rotostator (Polytron® 1300 PT, Kinematica AG,
Switzerland). The mixture was then vacuum filtrated through a glass fiber filter of 1.0 µm pore
size and the crystals were collected by scraping them from the glass fiber filter using a spatula.
The recovered crystals were then re-suspended in cold isobutanol (1:50) and re- homogenized for
5–8 min using the rotostator. This was done in order to disperse crystals sufficiently. After rehomogenization, the mixture was sonicated for 60 min using an ultrasonic processor (Bransonic
1210R-DTH, Branson Ultrasonic Corporation, Danburry, CT, USA). Temperature control in the
sonicator was set at 5 °C and any increase in temperature was prevented by putting ice packs in
the water bath. Sonication was done to enhance dispersion and to prevent the aggregation of the
crystals without melting them before observation under cryo-TEM.
Keeping conditions at refrigeration temperatures, a drop of the mixture (approximately 5 µL)
was placed in a carbon grid with perforated carbon film (Canemco-Marivac, Quebec, Canada).
Excess liquid was blotted using a filter paper and the solvent was allowed to evaporate for 6 min.
A drop of 2% of uranyl acetate was then added in order to enhance contrast of the crystals
against the solvent. Excess solution was again blotted using a filter paper. The grid was then
immediately dipped into liquid nitrogen and transferred to a cryo holder (Gatan Inc., Pleasanton,
CA, USA) for direct observation at -176 °C in a FEI Tecnai G2 F20 energy- filtered Cryo-TEM
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operated at 200 kV in low dose mode. Micrograph images obtained using a Gatan 4 k CCD
camera, were then processed using Adobe Photoshop, stored, and analyzed.
3.2.3 Triacylglycerol analysis using HPLC
Sample preparation for TAG analysis was carried out by weighing 30 mg of MF sample into a 2
mL HPLC vial. For the MF-CNPs, after the second homogenization stage described in 2.2, 30
mg of the sample was collected by filtering the mixture through a glass fiber filter under vacuum.
After that, 600 µL chloroform and 1 mL 60:40 HPLC-grade acetone:acetonitrile solution were
added to completely dissolve the samples.
TAG components were then quantified using HPLC (Alliance Model 2690 Separation Module,
Waters Corporation, MA, USA) with a reverse phase column (Xbridge C18, 5 µm pore size, 4.6
x 250 mm column, Waters Corporation, MA, USA) and a refractive index detector (Waters
model 2410 RID, Waters Corporation, MA, USA). TAGs were then identified using standards
that were run in the same column using the same mobile phase (60:40 v/v HPLC-grade
acetone:acetonitrile).
3.2.4 Image analysis using Image J software
The dimensions (i.e., length and width) of MF-CNPs were determined semi-automatically by
image analysis using Image J soft- ware 1.42q (National Institutes of Health, USA). Cryo-TEM
micrographs were processed and examined. Crystal size was then determined by measuring the
length of the lines drawn from one point to another in CNPs with visible edges and scaling pixels
to nanometers (nm).
3.2.5 X-ray scattering
Sample preparation for the X-ray scattering experiments is described below. It should be noted
that SAXS and USAXS were performed sequentially, one after the other with the X-ray on the
same position. The SAXS detector was moved in front of the USAXS detector right after the
USAXS measurement was finished. These experiments were performed at the Advanced Photon
Source (APS), Argonne National Laboratory (Illinois, USA) using USAXS/ SAXS instrument
(Ilavsky et al., 2009; Ilavsky et al., 2012a,b).
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From SAXS patterns, d-spacings of 10–100 Å can be calculated from the Bragg’s peak
positions that are measured. These d values, elucidate chain length and lamellar thickness. On
the other hand, from USAXS patterns, larger structures in the range from ~100 to ~60,000 Å can
be studied. Morphology and average sizes of CNPs are obtained from USAXS as well as the way
that the CNPs aggregate to form larger structures.
Corresponding d-spacings were calculated using Bragg’s law:

d =

nl
2sinq

(3.1)

where d is the spacing between planes of atoms, n is an integer related to the order of reflection,
usually set to 1.
The scattering theory uses the concept of “length scale”, L rather than the concept of “dspacings”:

L=

2p
q

(3.2)

where q is the scattering wave vector obtained as the difference between the direction of the
incoming X-rays and the direction of the diffracted X-rays.
3.2.5.1 Small-angle x-ray scattering (SAXS)
SAXS analysis was performed to determine the thickness of the CNPs or crystalline domain size
(ξ) using the Scherrer formula (Acevedo & Marangoni, 2010):

x=

Kl
FWHM cos q

(3.3)

where K is the shape factor, θ is the diffraction angle, FWHM is the full width at half of the
maximum peak height in radians, and λ is the wavelength of the x-ray which is 1.54 Å for
copper. K is dimensionless and provides information about the “roundness” of the particle. A
shape factor of 1 is given for spherical particles while a shape factor of less than 1 is given for
other shapes. For crystallites of unknown shape, a value of 0.9 is usually used (Klug &
Alexander, 1974).
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3.2.5.2 Ultra-small angle x-ray scattering (USAXS)
The sample preparation for USAXS/SAXS analysis was carried out as follows. A melted AMF
sample (up to 70 °C) was pipetted into a circular silicon isolator 1 mm deep cavity and 13 mm in
diameter (Grace-Bio-Labs, Oregon, USA) with an attached 125 µm thick microscope glass cover
slip at the bottom. The sample was then allowed to crystallize in the isolator from 70 to 20 °C at
an average cooling rate of 0.1 °C/min. A second cover slip was then placed on top of the sample
to seal it in place. The sample was kept at 20–25 °C for a total storage time of 1 week before the
analysis.
Interpretation of USAXS results was performed using the Guinier-Porod and Unified Fit models
as described by Beaucage, 1995, 1996; Hammouda, 2010 and Peyronel, 2014. Values of the
parameters P and Rg (Unified Fit) and s (Guinier-Porod) were obtained from the fitting and
determination of the slopes of the USAXS pattern using Irena running in Igor Pro 6.36
(Wavemetrics, Inc., USA) (Ilavsky & Jemian, 2009).
The Unified Fit model returns a radius of gyration, Rg, and an exponent, P, for each structural
level, using the following fitting equation:
I (q) = Ge
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The Unified Fit model, represents all scattering objects as approximately spherical (equation 3.2)
as shown by the term exp(-q Rg / 3) exp -Q> R>@ 3 . The first term describes the Guinier region,
2

2

valid for q≤q1, and the second term, the Porod power law region, is valid for q≥q1. G and B are
the Guinier and Porod scale factors respectively; G is related to the volume of the scatterers
while B contains specific surface area information. P is the Porod exponent that measures the
internal structure of the aggregate (Schaefer, Kohls, & Feinblum, 2012).
It has been previously shown that for edible fat systems, the parameter P can be related to the
fractality of the system (Peyronel et al., 2013, 2014). These authors showed that edible fats can
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contain up to three structural levels using Unified Fit. Following the model and computer
simulation by Pink et al. (2013), Peyronel et al. (2013) interpreted the results as follows P1
identified the morphology of the CNPs as a smooth, rough or fuzzy sur- face; P2 described the
aggregation of CNPs either into long rods, termed TAGwoods, or other forms; and P3 described
the aggregation of TAGwoods and other forms into even larger structures. The parameter Rg, on
the other hand, is the average radius of gyration of the “scatterer” (i.e., CNP or of a larger
structure, like TAGwood or their aggregation) for the particular structural level identified with P.
Peyronel et al. (2013) identified Rg1 that describes the average size of the CNPs, in the nanoscale
range, while Rg2 was identified with the average size of the aggregates, in the microscale range.
Assuming spherical scatterers, the average size of the CNPs and the aggregates was computed
using the equation:

dCNP = 2

5
3

Rg

(3.5)

Parameter s obtained from the Guinier-Porod model gives an indication of the shape of the
scatterers. An s equal to 1 indicates the presence of long rod structures while 2 indicates the
presence of platelet-shaped aggregates.
Porod’s law shows that a |P| = 4 values indicates a fractal dimension D = 2, which is a smooth
surface. If 3 ≤ |P| < 4, the fractal dimension is calculated by 6 - |P| which gives fractal values in
the range of 2 < D ≤3. While, if 1 ≤ |P| <3, then D is equal to the value of |P|.
3.2.5.3

Graph plotting and peak analysis

Data analysis and plotting were performed using GraphPad Prism 5 (GraphPad Software, San
Diego, CA, USA) and Microsoft Excel, and the peaks were analyzed using PeakFit v4.12.
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3.3 Results and discussion
3.3.1 Milk fat crystalline nanoplatelets (MF-CNPs)
Fig. 3.1 shows a cryo-TEM micrograph of MF-CNPs extracted from slowly crystallized MF that
was stored for more than 2 months at 7 °C. The discernible platelet shape of MF-CNPs resemble
the ones observed previously by many authors like Acevedo and Marangoni (2010), 2012) from
blends of fully hydrogenated oils (e.g., canola oil, sunflower oil and soybean oil), Maleky et al.,
(2011) from cocoa butter, and Peyronel and Marangoni (2014) from hydrogenated palm oil
stearin. It should be noted that the samples previously subjected to CNP extraction methods
contain substantial amounts of symmetric TAGs such as tristearin (SSS) and triolein (OOO) and
were found to crystallize mainly into the triclinic b polymorph. MF, on the other hand, also
contains substantial amounts of saturated fatty acids, however, it is also rich in short chain fatty
acids (i.e., butyric acid), and mono- and poly- unsaturated fatty acids (MUFA and PUFA),
making it a complex system (Jensen, Ferris, & Lammi- Keefe, 1991). The wide melting range
brought about by the complexity of MF thus required us to modify the extraction method for
CNPs, for instance, by performing the experiment at lower temperatures and shorter shear time
compared to the method developed by Acevedo and Marangoni (2010). After trial and error, we
were successful in extracting and observing MF-CNPs.

Figure 3.1. Crystalline nanoplatelets (CNPs) extracted from milk fat (MF), that was slowly
cooled and stored for more than 2 months at 7 °C. Samples imaged by cryogenic-transmission
electron microscopy (cryo-TEM). The scale bar corresponds to 0.2 µm.

52
Using HPLC (Fig. 3.2), these CNPs were found to be mainly formed by TAGs that have
relatively higher melting points such as tripalmitin (PPP); palmitin-palmitin-stearin (PPS);
palmitin-stearin-stearin (PSS); and tristearin (SSS) TAGs. This means that the lower melting
TAGs (short chain and unsaturated fatty acids) that were present in MF at the start, were
removed during the extraction process (i.e., cold-washing with isobutanol, homogenization and
filtration).

Figure 3.2. HPLC chromatograms showing the triacylglycerol composition of (a) milk fat (MF)
and (b) crystal nanoplatelets that were extracted from milk fat (MF-CNPs). Bu – butyric; Cp –
Caprylic; La – Lauric; M – Myristic; P – Palmitic; S – Stearic; O – Oleic ; Le – Linoleic.

3.3.2 Crystal size distribution using image J
Using Image J, the length and width of the extracted MF-CNPs were measured by determining
the distance covered by a line (i.e., edge-to-edge of the MF-CNPs) in pixels and scaling it to
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nanometers (Fig. 3.3). We believe that due to the complexity of the TAG composition of MF,
some CNPs do not show clear edges as the ones extracted from FHCO or SSS. This could also
mean that during the extraction process, some of the CNPs with low- melting TAGs are being
melted as explained in the previous section. By setting a threshold on the images (i.e., adjusting
contrast and brightness) and by analyzing numerous images, we were able to offset this. CNP
dimensions are displayed as frequency distribution figures (%) of crystal length and width, in
Fig. 3.4a and b, respectively. Results show that the majority of MF-CNPs have lengths ranging
from 600 to 900 nm and widths of 200–300 nm. Furthermore, it can be observed that the MFCNPs extracted have a high aspect ratio of 1:3 (i.e., >50% have widths less than 300 nm and
lengths greater than 900 nm). According to Maleky et al. (2011) and Acevedo, Block, and
Marangoni (2012), the crystal size distribution of the CNPs are greatly affected by shear and
cooling rate during crystallization. Those authors showed that as supersaturation is increased, the
length and width of CNPs is decreased. Furthermore, they also showed that with the application
of shear, a more uniform crystal size distribution is observed. However, for the purpose of
revealing and characterizing MF-CNPs, we crystallized MF statically at low cooling rates.

Figure 3.3. Image analysis of cryogenic-transmission electron microscope (cryo-TEM)
micrographs of extracted milk fat-crystal nanoplatelets (MF-CNPs) using Image J software. The
lengths and widths are indicated by arrows. The scale bar corresponds to 0.2 µm.
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3.3.3 Crystalline domain size (i.e., thickness of CNPs)

Figure 3.4. Frequency distribution (%) of the crystal length, a, and width, b in nanometers of
extracted milk fat-crystal nanoplatelets (MF-CNPs). Values were obtained by analyzing
cryogenic-transmission electron micrographs (cryo-TEM) using Image J software.

As SAXS analysis was performed at room temperature, it is expected that the scattering pattern
observed comes mainly from crystals formed by higher melting TAGs. Therefore, the observed
crystals under cryo-TEM can be correlated very well with the results of the X-ray scattering
analyses as the TAGs that are being analyzed in both systems are similar. We determined the
FWHM of the (001) Bragg peak (Fig. 3.5, peak at d = 42.5 Å) to be 0.012 radians. When using
this value in the Scherrer formula (Eq. (3.3)), the crystalline domain size (i.e., thickness of a
CNP) was calculated to be ~27 nm. It is known that during crystallization at slow cooling rate,
MF preferentially crystallizes into the b' form with some traces of b (Lopez et al., 2001, 2002).
Taking the lamellar size for a b' polymorph as ~4.2 nm (Woodrow & deMan, 1968), the 27 nm
domain value indicates the stacking of about 6–7 lamellae per CNP. This shows an agreement
with previous studies from Acevedo and Marangoni (2010) that showed the stacking of 7–10
platelets from systems containing high melting TAGs. Results from fractionating milk fat in
nanoemulsions of stearin and olein crystallized slowly (1 °C/min) also showed a single lamellar
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layer thickness of 4.0–4.1 nm, however stacking into CNPs was not determined (Truong et al.,
2015). Factors like shear, cooling rate and undercooling are known to play a role in the domain
size. For example, Mazzanti, Marangoni, and Idziak (2008), Mazzanti, Marangoni, and Idziak
(2009), showed that crystallization of MF under laminar shear results in a decrease of the domain
size. Furthermore, the growth of the primary crystal was shown to occur only in the direction of
the larger surface area side of the platelet-like crystallites (possibly CNPs). This effect of shear
on the MF nanostructure could be further investigated using cryo- TEM if the MF-CNPs could
be visualized laterally.

Figure 3.5. Small-angle X-ray scattering (SAXS) pattern of milk fat (MF) cooled slowly and
stored for 1 week at room temperature (20 °C). A lamellar thickness of 42.5 Ǻ (d001) indicates a
double chain length (2 L) stacking of triacylglycerols. The other two peaks (d002 and d003) shows
the second and third order of the 2 L lamellar structure. The full-width-half-maximum width
(FWHM) is indicated by arrows.

3.3.4 Characterization of MF-CNPs using USAXS
Fig. 3.6 shows the USAXS pattern of MF obtained from a sample that was crystallized slowly
and stored for one week at room temperature before the analysis. |P1| ~ 4 obtained with Unified
fit indicates that CNPs formed by high melting TAGs have smooth and clean surfaces. The |P2| ~
2.1 is in agreement with the statistical fractal aggregation called reaction limited cluster-cluster
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aggregation (RLCA) (Peyronel et al., 2013; Pink et al., 2013). This interpretation of the result is
consistent with the idea that “scatterers” have aggregated into larger structures which have
internal structures described by RLCA. Most likely, the scatterers are the CNPs. The |P3| ~ 4.3
indicates that the larger structures formed have a diffused interface. Notice that P2 covers the
length scale from: 200 nm to 800 nm while P3 covers the region from 1250 nm to 6200 nm. We
cannot confirm the presence of TAGwoods as experiments were not performed under fast
cooling rates and the data does not show a slope ~ -1.

Figure 3.6. Ultra-small-angle x-ray scattering (USAX) pattern of milk fat (MF) cooled slowly
and stored for 1 week at room temperature (20 °C). Parameters of the Guinier-Porod and Unified
Fit models were determined by the measuring the slope of the lines using Irena (Igor Pro 6.36,
Wavemetrics, Inc., USA) and are indicated in the graph.

The Guinier-Porod model gave a value of s ~ 2 which is in agreement with previous work on MF
that showed s ~ >2 (Peyronel, 2014). This s value indicates that the scatterer’s shape is that of a
platelet-like structure. It is not clear if the Gunier- Porod result points to larger CNPs or if the
CNPs have aggregated in such a manner that they had become supra-platelets. The inherent
sample preparation for cryo-TEM does not allow to confirm that supra-platelets were formed.
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Further experiments on MF prepared under different processing conditions and using both the
USAXS and the cryo-TEM technique should help understand the structures formed in MF better.
Using the Unified Fit model and three hierarchical levels, two radius of gyrations were obtained
(Fig. 3.6: (1) ~50 nm and (2) ~600 nm). When following the idea that each level seen with
Unified Fit is a larger structure of the previous one, each radius of gyration can be used to
identify an average size of the scatterer. The Rg1 ~50 nm was used to compute the spherical
average size (Eq. (3.5)) of the CNP: ~130 nm. The Rg2 ~440 nm was used to compute an average
size of the CNP aggregates, the one with an internal structure given by P2, which was ~1.14 µm.
Using the Guinier-Porod model, only one radius of gyration was obtained at ~20 nm. The s ~ 2
obtained using this model indicates platelet-like structures.

3.4 Conclusions
We had shown the structure of MF at different length scales: from few angstroms to few
micrometers. Cryo-TEM as well as USAXS-SAXS results confirmed the existence of smooth
crystalline nano-platelets. CNPs obtained from MF at 7 °C were determined to be composed
mainly of high melting TAGs that are also the TAGs being studied under USAXS-SAXS
performed at room temperature. These CNPs have dimensions of 600–900 nm x 200– 300 nm x
27 nm (length x width x thickness). The Unified fit model identified MF-CNPs with smooth
surfaces and average sizes of 130 nm. It is to note here that the Rg is a phenomenological
parameter (Eq. (3.4)) and as such, its value is not to be taken as an exact value. The Unified Fit
also provided a second radius of gyration that gave an average size of the scatterer of 1.14 µm.
This value was interpreted as the size of an aggregate formed by the aggregation of CNPs, which
showed an internal structure in accord with RLCA. At even larger scales, larger aggregates were
formed and all that can be said is that they showed a diffused surface.
Using the Guinier-Porod model, all we can say is that the s =2 value identified platelet-like
structures. It is not clear at this point how the Guinier-Porod model and the Unified Fit model
results can be brought together to make for one big picture.
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Work needs to be done in improving the sample preparation method to be able to extract MFCNPs that show sharp edges under cryo-TEM visualization. More importantly, experiments
under different processing conditions must be carried out in order to see how the morphology
and sizes of MF-CNP is affected, as well as to understand the structures that are formed in the
meso-scale. Elucidation and characterization of MF-CNPs is important as it provides a new
dimension for analyzing and improving MF crystallization behavior, structure formation, and
functionality.
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Abstract
In this study, the microstructure and crystallization kinetics of binary and ternary mixtures of
milk fat fractions during isothermal crystallization at 5, 15, and 20 °C were characterized using
polarized light microscopy and the Avrami model. Results showed that for both binary and
ternary mixtures, high concentrations of the high-melting fraction result in the formation of rod
or needle-like crystals (i.e., one-dimensional growth and low values of Avrami index, n) while at
relatively higher concentrations of the middle-melting and low-melting fractions, multidimensional crystal growth is favored (i.e., higher n values). On the effect of temperature, for
binary mixtures, it was found that at high undercooling conditions (5 °C) one dimensional
growth is favored while for ternary mixtures, increasing the crystallization temperature (i.e.,
decreasing supersaturation) from 15 to 20 °C results in large differences in crystal structure.
Mechanisms for the observed behavior are also suggested.

4.1 Introduction
Milk fat is composed of about 98% triacylglycerols (TAGs) of extreme heterogeneity which
brings about its complex thermal behavior (i.e., melting points of -40 to 40 °C).1,2 With the use
of differential scanning calorimetry (DSC), the melting of milk fat was shown to exhibit three
overlapping peaks which are related to the melting of the different milk fat fractions classified as
low-melting fraction (LMF), middle-melting fraction (MMF) and high-melting fraction
(HMF).3,4 Milk fat is composed of 11% HMF which has a melting point (MP) greater than 50 °C,
23% MMF (MP = 35 - 40 °C) and 66% LMF (MP > 15 °C). HMF consists mainly of long chain
saturated fatty acids (FAs); MMF consists of long chain and short chain FAs; and LMF is
composed mainly of short chain and unsaturated FAs.5–8 Several methods have been developed
to separate the fractions from milk fat such as dry and solvent fractionation.3,5,8 Furthermore,

64
studies have been performed to describe the phase behavior and crystallization behavior (e.g.,
polymorphism) of these fractions and their mixtures. 8–10
In studying crystallization kinetics, Avrami parameters are often used as they provide
information on both nucleation and crystal growth. By measuring solid fat content (SFC) in time
during isothermal crystallization at a given temperature, Avrami parameters such as the Avrami
constant, k, and exponent, n can be determined. The Avrami constant, k, is the rate constant of
crystallization which follows an Arrhenius-type dependence with crystallization temperature. On
the other hand, the Avrami exponent, n, sometimes also called crystallization index, provides
information on the type of nucleation and shape of crystal growth.11–14 Table 4.1 shows the
possible values of n, and the corresponding type of nucleation and growth.
Table 4.1. Values of the Avrami exponent, n, and the corresponding type of nucleation and
growth adapted from Wright & Marangoni (2003)16
Avrami exponent, n

Type of nucleation and growth

1+0 = 1

1D growth from instantaneous nuclei

1+1 = 2

1D growth from sporadic nuclei

2+0 = 2

2D growth from instantaneous nuclei

2+1 = 3

2D growth from sporadic nuclei

3+0 = 3

3D growth from instantaneous nuclei

3+1 = 4

3D growth from sporadic nuclei

The microstructure of milk fat has been shown to affect the rheological and sensorial properties
of milk fat-containing products.15–17 Milk fat fractions have also been used in different food
applications to provide structure and specific functionality such as the prevention of bloom
formation in chocolate upon addition of HMF.18,19 It is therefore important to characterize the
microstructure formed by various mixtures of the high, middle and low-melting fractions at
different crystallization temperatures to be able to create a database of different crystallization
behaviors and crystal forms for different product applications.
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In this article, the crystallization kinetics of binary and ternary mixtures of milk fat fractions (i.e.,
LMF, MMF and HMF) is characterized using the Avrami model, and these kinetics are related to
the resulting microstructure of milk fat.

4.2 Experimental
4.2.1 Milk fat fractions
Milk fat fractions were separated by multi-step solvent (ethyl acetate) extraction as described by
Marangoni & Lencki (1998).8 The fractions were then melted and binary and ternary mixtures
were obtained by manually mixing and combining the fractions on a w/w basis.
4.2.2 Crystallization kinetics
The crystallization behavior of various mixtures of the LMF, MMF and HMF of milk fat were
studied by measuring SFC as a function of time at different isothermal temperatures using a
Bruker pulsed nuclear magnetic resonance (pNMR) analyzer unit PC20 Series (Brucker, Milton,
Canada).
The samples were first heated to 80 °C for 30 min prior to analysis in order to destroy any
thermal history. They were then placed in a water bath set at the following crystallization
temperatures: 5, 15 and 20 °C (i.e., isothermal crystallization) and solid fat content was measured
at given time intervals (every 20 to 30 seconds for 10 to 60 minutes). The Avrami equation11-13,20
was used to quantify the kinetics of crystallization,

SFC(t)
SFC(max)

=1-e-kt

n

(4.1)

where n is the Avrami exponent; k is the Avrami constant; SFC(t) is the solid fat content at a
particular time; and SFC(max) is the maximum solid fat content at a given temperature (indicated
by a plateau). Nonlinear regression was then carried out using GraphPad Prism (GraphPad
Software, San Diego, CA. USA).
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4.2.3 Polarized light microscopy (PLM)
To be able to relate the crystallization kinetics of milk fat with microstructure, the different
mixtures of LMF, MMF, and HMF were observed under PLM. Samples were initially heated to
80 °C for 30 min to destroy all traces of crystal memory. A small drop of molten fat was then
applied onto a heated microscope slide and covered using a heated coverslip. Samples were then
allowed to crystallize isothermally for a week at 5, 15 and 20 °C incubators.
Samples were then observed under polarized light using an Olympus BH light microscope
(Olympus, Tokyo, Japan). A Sony XC-75 CCD camera in “autogain” mode (Sony, Tokyo,
Japan) was used to take photographs of the samples. Images were then normalized, and the
contrast and grayscale were standardized using The Image Processing Tool Kit software
(Reindeer Graphics, Inc., Asheville, North Carolina, USA).

4.3 Results and Discussion
The microstructure of milk fat can be engineered by judicious combination of milk fat fractions
and crystallization at different temperatures. Binary and ternary mixtures of milk fat fractions –
HMF, MMF and LMF, were prepared at different concentrations and were crystallized at 5, 15
and 20 °C. The Avrami exponent, n and SFCmax were then calculated using eqn 4.1.

4.3.1 Binary mixtures
4.3.1.1 High-melting fraction (HMF) and middle-melting fraction (MMF)
Figure 4.1 shows n and SFCmax values of HMF– MMF mixtures at 5, 15 and 20 °C. At 5 °C, it
can be observed that n and SFCmax values do not greatly change with increasing HMF content. n
values ≤1 indicate a rod or needle-like growth from instantaneous nuclei (Fig. 4.2a). Moreover,
at low temperatures, both HMF and MMF are mostly in their solid states. HMF and MMF
consist of mostly saturated FAs (i.e., C16:0 and C18:0).8 Thus, crystallization at low
temperatures leads to the formation of numerous small rod-shaped crystals.
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Figure 4.1. Avrami exponent, n and measured maximum solid fat content (SFCmax) values as a
function of HMF concentration, obtained from the fitting of the isothermal crystallization curves
of binary mixtures of HMF and MMF at 5, 15 and 20 °C.

By creating a binary phase diagram of mixtures of HMF and MMF, Marangoni & Lencki (1998)8
found a monotectic phase behavior between the two fractions. That is, although HMF and MMF
differ somewhat in melting points and molecular volume, their structural complementarity makes
them miscible in the solid state. They were also found to have the same b' polymorphism.
Therefore during crystallization, mixed crystals of HMF and MMF are formed. This monotectic
behavior can be observed in our study as indicated by an instantaneous nucleation (i.e., both
HMF and MMF TAGs can be starting nucleus for each other), high SFC, and uniformity in
crystal morphology and size was observed.
Binary systems of HMF and MMF at 15 and 20 °C (Fig. 4.1) show a general trend where the n
value decreases while SFC increases as the HMF concentration increases. It can be observed that
n values decrease from 1.5 to 1 which indicates a transition from two dimensional to one
dimensional growth and instantaneous nucleation. It is expected that both nucleation and crystal
growth occur simultaneously when cooling HMF and MMF, even at high cooling temperatures,
due to the high amounts of saturated FAs present in these fractions. However, it can be observed
that not only rod-shaped crystals are formed but small and big spherulites as well at lower HMF
concentrations (e.g. 10% HMF : 90% MMF at 20 °C) (Fig. 4.2b). Spherulitic growth may not
necessarily mean spherical growth as it could be 1 or 1.5 dimensional growth as indicated by the
calculated n values (n ≤ 2). Spherulitic growth arises under highly non-equilibrium conditions,
where one dimensional growth is favored, however, the final mesoscale growth looks spherical
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probably due to diffusional limitations.21-23 That is, the viscosity becomes very high too quickly
that crystallite diffusion and aggregation is impaired. Meanwhile, molecular diffusion is also
reduced while crystallization rate increases dramatically. These combined effects result in
crystals growing simultaneously from a common center, resulting in spherulitic morphology.
Under these highly non-equilibrium conditions, spherulitic growth is favored. It is important to
remember that spherulitic growth does not equal spherical growth even though the structures
look spherical under the microscope. The effect of HMF concentration on SFC can be better
observed at higher crystallization temperatures. This is because at 20 °C, most of the MMF is in
the liquid phase (short chain FAs) and therefore SFC becomes dependent on the solid HMF at
high temperatures.

Figure 4.2. Polarized light (PLM) micrographs of binary mixtures of HMF and MMF crystallized
isothermally: (a) 90% HMF : 10% MMF at 5 °C (n ~ 1) and (b) 10% HMF : 90% MMF (n ~ 1.5)
at 20 °C. Scale bar corresponds to 100 µm.
4.3.1.2 Isothermal crystallization of mixtures of high-melting fraction (HMF) and low-melting
fraction (LMF) at 5, 15 and 20ºC
In binary systems of HMF and LMF crystallized statically at 5, 15 and 20 °C (Fig. 4.3), the same
trend as that of HMF and MMF mixtures (i.e., 15 and 20 °C) can be observed where n values
decrease and SFCmax values increase as the concentration of HMF is increased (i.e., while
subsequently decreasing the concentration of LMF). However, larger differences are observed in
HMF–LMF mixtures, as LMF is affected greatly by the temperatures studied in this project.
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Figure 4.3. Avrami exponent, n and measured maximum solid fat content (SFCmax) values as a
function of HMF concentration, obtained from the fitting of the isothermal crystallization curves
of binary mixtures of HMF and LMF at 5, 15 and 20 °C.

In terms of microstructure, it can be observed that more crystalline mass and bigger crystals are
observed as the mixture is enriched with HMF and decreased of LMF, especially at a higher
crystallization temperature of 20 °C (Fig. 4.4a). The n value decreased to 1 as more HMF was
added to the system, indicating that increasing HMF forces TAGs to crystallize in a onedimensional manner from instantaneous nuclei. As HMF is composed of TAGs with high
melting points (>50 °C),8 this forces nucleation to occur instantaneously at these temperatures.
The undercooling is very high, which translates to large driving force for both nucleation and
growth. On the other hand, increasing concentration of LMF in the system favors threedimensional, spherical growth from sporadic nuclei especially at higher crystallization
temperatures (Fig. 4.4b). Growth of crystals in a multi-dimensional form at higher temperatures
could be explained by two factors. First, the presence of liquid fat provides free volume and
mobility (lower viscosity, higher diffusivity) for the crystals and second, as the supersaturation is
decreased, crystallization occurs slower which results in the formation of larger crystals.
According to Marangoni & Ollivon (2007),24 these spherulites fall into category 1, in which
spherulites grow radially from a nucleus and continuously branch out to maintain a space-filling
character. As the mass fraction of solids decreases (lower supersaturation and lower SFC),
crystal growth is favored which results in the observed larger spherulites. On the other hand, the
observed difference in nucleation (i.e., sporadic vs. instantaneous) which leads to the
heterogeneous size distribution of the crystals is more complex, and may be affected by purity
and other complex factors.
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Figure 4.4. Polarized light (PLM) micrographs of binary mixtures of HMF and LMF crystallized
isothermally at 20 °C: (a) 90% HMF : 10% LMF (n ~ 1) and (b) 10% HMF : 90% LMF (n ~ 3).
Scale bar corresponds to 100 µm.

According to Marangoni and Lencki (1998),8 HMF and LMF mixtures show eutectic mixing
which shifts to monotectic systems when melting point differences of the two components
increase, and a considerable amount of the low melting component is dissolved by the high
melting component. This therefore results in the formation of a partial solid solution. This
behavior was confirmed by Wright et al. (2000),25 where LMF was used as a solvent to study the
crystallization behavior of HMF and MMF. Using X-ray diffraction, they were able to detect the
presence of liquid crystalline structures that increase SFC of the systems. At higher
crystallization temperatures, LMF acts mainly as a diluent for the solid HMF, which allows for
the observed spherical growth of the HMF (e.g. 10% HMF : 90% LMF at 20 °C). This is
important as shown in studies by Mazzanti et al. (2004)9 where a binary mixture of HMF and
LMF results in the formation of stable b crystals. On the other hand, at lower temperatures (i.e., 5
°C), a monotectic behavior is suggested where high amounts of LMF is incorporated in the HMF
crystals, due to the structural complementarity of the TAGs present in these fractions as well.

4.3.1.3 Isothermal crystallization of mixtures of middle-melting fraction (MMF) and lowmelting fraction (LMF) mixtures at 5ºC

71

Figure 4.5. Avrami exponent, n and measured maximum solid fat content (SFCmax) values as a
function of MMF concentration, obtained from the fitting of the isothermal crystallization curves
of binary mixtures of MMF and LMF at 5 °C.

Results in Fig. 4.5 show the crystallization behavior of binary mixtures of MMFand LMF at 5
°C. Due to the high amount of liquid oil present in this mixture at higher crystallization
temperatures, crystallization behavior was only studied at 5 °C. Results show that the n values
decrease while SFCmax values increase as MMF concentration is increased. In relation to
microstructure, it was found that more crystalline mass is formed as the concentration of MMF is
increased. Furthermore, at high concentrations of LMF, it was found that small spherulites are
formed while at high MMF concentrations (i.e., lower LMF), small rod or needle-shaped crystals
are formed.
4.3.2 Ternary mixtures
4.3.2.1 Varying concentrations of the high-melting (HMF) and middle-melting fractions
(MMF) while keeping the low-melting fraction (LMF) constant at 10% and 50% (w/w)
during isothermal crystallization at 15 and 20 ºC
Figure 4.6 shows results of the isothermal crystallization of the ternary system of HMF, MMF
and LMF at 15 °C and 20 °C. Composition was varied by increasing the concentration of HMF
(subsequently decreasing that of MMF) and keeping LMF at 10% and 50%. At 15 °C and 10%
LMF, it can be observed that the n values do not increase beyond 1.5, which suggests that
crystals grow in a rod-like manner from an instantaneous or sporadic nuclei.14 This corresponds
well with the microstructure presented in Fig. 4.7a. On the other hand, at 20 °C, spherulitic or
disc-like crystals appear at 10% HMF, 80% MMF and 10% LMF (n ~ 2) (Fig. 4.7b). As
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explained in Section 4.3.1.2, it can be observed again that spherulitic growth may not necessarily
mean spherical growth as it could be 1 or 1.5 dimensional growth due to diffusional limitation
and as indicated by the calculated n value (n ≤ 2).

Figure 4.6. Avrami exponent, n and measured maximum solid fat content (SFCmax) values as a
function of HMF concentration, obtained from the fitting of the isothermal crystallization curves
of ternary mixtures of HMF, MMF and LMF at 5, 15 and 20 °C.

Keeping LMF at 50%; results show low SFCmax values (<40%) at 15 °C and 20 °C (Fig. 4.6). n
values decrease from 3.5 to 1 as the HMF concentration is increased, suggesting a disc-like to
needle-like crystal growth from a sporadic or instantaneous nuclei (Fig. 4.8a and b).

Figure 4.7. Polarized light (PLM) micrographs of ternary mixtures of HMF, MMF and LMF
crystallized isothermally: (a) 50% HMF : 40% MMF : 10% LMF at 15 °C (n ~ 1) and (b) 10%
HMF : 80% MMF : 10% LMF at 20 °C (n ~ 2). Scale bar corresponds to 100 µm.

In terms of SFCmax, however, it can be observed that the maximum SFC value reached when
HMF is increased to 40% at 20 °C is the same as that at 15 °C; however, no large spherical
crystals were observed at 15 °C even at very low SFCmax values. According to Marangoni and
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Lencki,8 crystallization of HMF, MMF and LMF mixtures at 20 °C displays a eutectic behavior
at high LMF contents. This means that LMF is pushed out of the mixed crystal and becomes a
diluent for the solid structures formed by HMF and MMF, resulting in the growth of large
spherical crystals. On the other hand, at 15 °C, a monotectic mixture is formed, which means that
LMF crystallizes with HMF and MMF, possibly forming mixed crystal structures therefore no
large differences in microstructure were observed.8

Figure 4.8. Polarized light (PLM) micrographs of ternary mixtures of HMF, MMF and LMF
crystallized isothermally at 20 °C: (a) 10% HMF : 40% MMF : 50% LMF (n ~ 3.5) and (b) 40%
HMF : 10% MMF : 50% LMF (n ~ 1). Scale bar corresponds to 100 µm.
4.3.2.2 Varying concentrations of the high-melting (HMF) and low-melting fractions (LMF)
while keeping the middle-melting fraction (MMF) constant at 10% and 50% (w/w)
during isothermal crystallization at 15 and 20 ºC
Figure 4.9 shows results for the isothermal crystallization at 15 °C and 20 °C of increasing
concentration of HMF, decreasing LMF while keeping MMF constant at 10% and 50%. At 10%
MMF, results show a general trend where n values decrease while SFCmax values increase as the
HMF concentration is increased. As observed in the previous section, as HMF is increased, small
disc-like to large needle-like crystals are formed which correspond well with the calculated n
values.

Figure 4.9. Avrami exponent, n and measured maximum solid fat content (SFCmax) values as a
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function of HMF concentration, obtained from the fitting of the isothermal crystallization curves
of ternary mixtures of HMF, MMF and LMF at 5, 15 and 20 °C.

The large compatibility between HMF and MMF TAGs allow them to form monotectic
structures as that in the large needles; however at high concentrations of LMF (70–80%), small
disc- like crystals are formed which is not observed at 15 °C even at the same level of SFCmax.
This again shows that at temperatures between 15 and 30 °C, a eutectic mixture is formed, where
the LMF transforms or remains in liquid form to allow growth of HMF and MMF solid crystals
in all directions.25
On the other hand, in mixtures containing a fixed value of 50% MMF, increasing the
concentration of HMF while decreasing LMF at 15 and 20 °C result in decreasing n values and
increasing SFCmax (Fig. 4.9). A larger difference, however, is observed at 20 °C where n
decreased from 4 to ~1 as the concentration of HMF is increased from 20 to 40%. This change
corresponds very well with the microstructures shown in Fig. 4.10a and b where large spherical
crystals transform into needle-like structures as the concentration of HMF is increased.

Figure 4.10. Polarized light (PLM) micrographs of ternary mixtures of HMF, MMF and LMF
crystallized isothermally at 20 °C: (a) 10% HMF : 50% MMF : 40% LMF (n ~ 4) and (b) 40%
HMF : 50% MMF : 10%LMF (n ~ 1). Scale bar corresponds to 100 µm.
4.3.2.3 Varying concentrations of the middle-melting (MMF) and low-melting fractions (LMF)
while keeping the high-melting fraction (HMF) constant at 10% and 50% (w/w) during
isothermal crystallization at 15 and 20 ºC
As observed in the previous sections, low concentrations of HMF (10%) result in low SFCmax
values (≤40%) although slight increase is observed as the concentration of MMF is increased
(Fig. 4.11). The microstructures observed at 15 °C (Fig. 4.12a) suggest that the amount of small
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crystals increases as the concentration of MMF increases. However, the difference in the shape
of the crystals is not discernible. At 20 °C, on the other hand, large spherical crystals can be
observed even at high concentrations of MMF (Fig. 4.12b) which correlates well with the high n
values (~1.5 to 6). This could be due to the fact that at 20 °C, most MMF and LMF are in liquid
form, and the supersaturation is low, thus allowing crystal growth to proceed from the nucleating
HMF.26

Figure 4.11. Avrami exponent, n and measured maximum solid fat content (SFCmax) values as a
function of MMF concentration, obtained from the fitting of the isothermal crystallization curves
of ternary mixtures of HMF, MMF and LMF at 5, 15 and 20 °C.

Keeping HMF constant at 50%, it can be observed that SFCmax remains high at ≥40%, which
increases to 60% as the concentration of MMF is increased while the Avrami index, n, remains
constant at ~1 (Fig. 4.11). These values of n correlate well with the observed microstructures
where needle-like crystals were observed.

Figure 4.12. Polarized light (PLM) micrographs of ternary mixtures of HMF, MMF and LMF
crystallized isothermally: (a) 10% HMF : 70% MMF : 20% LMF (n ~ 2) and (b) 10% HMF :
70% MMF : 20% LMF (n ~ 4). Scale bar corresponds to 100 µm.
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4.4 Conclusions
This study shows that the formation of different crystal morphologies from binary and ternary
mixtures of milk fat fractions is affected by two factors – crystallization temperature and
concentration of the fractions. In binary systems, it was found that at high undercooling
conditions (5 °C), supersaturation increases, while the Avrami exponent, n, decreases, indicating
the formation of rod or needle-like crystals (one-dimensional growth). On the other hand, under
low undercooling conditions (15 - 20 °C), supersaturation decreases, while n generally increases
indicating multi-dimensional crystal growth. This was also found true for ternary systems where
lower n values were calculated for systems crystallized at 15 °C than those crystallized at 20 °C.
In terms of concentration of the fractions, crystallization of mixtures of HMF and MMF leads to
the formation of small rods or needles, especially at low temperatures (5 °C). Furthermore, at 15
and 20 °C, higher concentrations of HMF result in the formation of large needles, while higher
concentrations of MMF (i.e., lower HMF) lead to the formation of large spherulites. These
results were also observed in ternary mixtures.
We have thus created a composition-concentration-temperature map that would allow for the
targeting of specific milk fat microstructures associated with optimal functionality in food
products.
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Abstract
Differential scanning calorimetry (DSC) and X-ray diffraction (XRD) were used to characterize
the polymorphism of milk fat within commercial processed cheese products. Using anhydrous
milk fat (AMF) as control, we show that the dispersion of milk fat as cream and the embedding
of milk fat globules into the casein matrix results in the formation of a higher proportion of the b
polymorph of milk fat. Furthermore, the effects of other cheese ingredients on the polymorphic
stability of milk fat were determined. By storing and determining the polymorphism of the
cheese samples at the final melting temperature of AMF, we found similar amorphous XRD
diffraction patterns which confirmed that the characteristic diffraction peaks observed at
refrigeration temperatures are from milk fat crystals. Upon fast cooling of molten cheese sample,
milk fat crystallized into the b' polymorph. No correlations were found between the
polymorphism of fat and small deformation dynamic shear rheological parameters of processed
cheese products. Characterization of the polymorphism of milk fat within processed cheese
provides better understanding of the crystallization behavior of fats as affected by the food
matrix. Furthermore, the results of the study could provide insights into the functionality of milk
fat within food at the nano- or molecular scale.

5.1 Introduction
Milk fat (MF) is widely used in food applications due to its unique texture and flavor. Upon
crystallization, MF forms a crystal network that is important in the development of structure of
different dairy products such as butter and ice cream (Gliguem et al., 2009; Goff & Hartel, 2013;
Walstra, Wouters, & Geurts, 2006; Wright, Scanlon, Hartel, & Marangoni, 2001). Furthermore,
MF crystals perform different functions in confectionary and bakery products such as prevention
of bloom in chocolate and enhancement of flakiness in puff pastry (Ghotra, Dyal, & Narine,
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2002; Sonwai & Rousseau, 2010). Due to the advantages that MF provides, its crystallization
behavior and structure formation from the melt has been extensively studied (Grotenhuis, Aken,
Malssen, & Schenk, 1999; Herrera, De León Gatti, & Hartel, 1999; Ramel Peyronel, &
Marangoni, 2016; Sangwal & Sato, 2012; Truong, Morgan, Bansal, Palmer, & Bhandari, 2015;
Woodrow & deMan, 1968). Factors such as composition (e.g., blending with other fats and oils)
and various processing conditions such as cooling rate and crystallization temperature, and
mixing or shear have been shown to affect greatly its crystallization behavior (Campos, Narine,
& Marangoni, 2002; Lopez, Lavigne, Lesieur, Keller, & Ollivon, 2001a; Mazzanti, Guthrie,
Sirota, Marangoni, & Idziak, 2004; Mazzanti, Marangoni, & Idziak, 2009; Wright, Batte, &
Marangoni, 2005; Wright, Hartel, Narine, & Marangoni, 2000). These research studies, however,
were carried out on bulk MF rather than in the state it is found in food products, i.e., dispersed in
a solid food matrix and in contact with other food materials. A knowledge gap, therefore, exists
because MF crystallization also takes place after processing of the food product (e.g., before
packaging or during storage), and the conditions previously studied do not fully match those of
MF within the food matrix.
In processed cheese, MF (in emulsified or bulk form) can be observed in the spaces or pockets
throughout the cheese matrix formed mainly by proteins (i.e., casein and whey proteins) (Martini
& Marangoni, 2007; Tamime, Muir, Shenana, Kalab, & Dawood, 1999). The stability of fat
within the polymer matrix is one of the most important considerations during the manufacture of
processed cheese, as the texture and other properties (e.g., meltability, firmness and integrity) of
this product are also affected by MF properties. Through homogenization, fat globule size
distribution is made more uniform which is followed by emulsifier addition to keep a stable
dispersion of fat throughout the product (Martini & Marangoni, 2007; Tamime, Kalab, Davies, &
Younis, 1990; Tamime et al., 1999). Initial work by Gliguem et al. (2009) and Gliguem, Lopez,
Michon, Lesieur, and Ollivon (2011) showed that the thermal behavior and polymorphism of MF
within cheese, as determined by XRD and DSC, also affect the viscoelastic properties of
processed cheese. However, further characterization is necessary to comprehensively explain the
importance of MF in processed cheese.
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In this study therefore, the polymorphism of MF is studied within finished processed cheese
products using differential scanning calorimetry (DSC), X-ray diffraction (XRD), and microscopy techniques. Rheological properties of the products are also investigated. Results of this
study could have wider applications as MF is also present in many food products such as
pastries.

5.2 Materials and methods
5.2.1 Processed cheese products and milk fat
Processed cheese products were obtained from the supermarket. Three different products were
investigated namely Velveeta processed cheese loaf (PCL), processed cheese single slices –
Kraft (PCSS 1), Black Diamond (PCSS 2), Compliments (PCSS 3), No Name brands (PCSS 4),
and Philadelphia cream cheese original brick (CRC). Lactose (b-D-Lactose, ACROS Organics,
Fisher Scientific, Leicestershire, UK), which is usually present in these products, was also
investigated. Geographical difference was also investigated by testing samples produced in USA
and Canada (CAD). The composition obtained from the labels on the products are shown in
Table B.1. As control, anhydrous milk fat (AMF) and cream (~40% fat), provided by The KraftHeinz Company, USA, were analyzed (Ramel et al., 2016). These products were stored and
stabilized at refrigeration temperatures (0–7 °C) before analysis (i.e., one week for the cheese
samples, and at least eight months for the fat samples).
To confirm that the characteristic diffraction peaks obtained from XRD are from MF alone,
especially for the cheeses, the samples were then placed in a 45 °C oven for 30 min to
completely melt MF. It is expected therefore that no XRD peaks will be observed at this
temperature. For determining the effect of fast cooling on the polymorphism of MF within
processed cheese, the cheese products were processed as follows. Samples were melted to 60 °C
and held for 30 min to completely melt MF as well as erase all crystal memory (Gliguem et al.,
2009; Lopez et al., 2001a; Lopez, Lavigne, Lesieur, Keller, et al., 2001b). After that, samples
were directly placed in a walk-in refrigerator (~ 8 °C) and the cooling profile (fast cooling) was
determined using a thermometer (Fig. 5.1). After reaching about 10 °C in approximately 20 min,
the samples were transferred into a refrigerator set at 0 °C. This was done to achieve a relatively
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fast cooling profile. The samples were stabilized for at least one hour before the analyses. The
polymorphism was monitored in time, up to 10 days, to determine the stability of the polymorphs
formed.

Figure 5.1. Temperature profile (60 – 18 °C) of processed cheese samples upon cooling when
placed directly into a walk-in refrigerator. Dotted line indicates temperature after 10 min.
5.2.2 Confocal laser scanning microscopy (CLSM)
The microstructure of processed cheese products was characterized using CLSM and cryogenic
scanning electron microscopy (Cryo-SEM). For CLSM, thin slices from the refrigerated cheese
samples were prepared using a scalpel. The samples were then fixed by submerging the slices
into 2% glutaraldehyde overnight. The glutaraldehyde was then washed off using 0.1 M
phosphate buffer (pH 7). The slices were put onto a welled glass slide (single concavity) and
were stained using Fast Green FCF (0.1%, w/v aqueous solution) to stain protein and Nile Red
(0.01%, w/v in polyethylene glycol/glycerine/water solution) to stain fat. About 0.5–1 mL of
each staining solution was added to flood the well of the slide for about 30 min to allow diffusion
of the stains. The staining solutions were then washed off using deionized water and a cover slip
was placed on top of the slide. Microstructural analyses were made using a confocal Leica TCS
SP2 inverted microscope (Leica Microsystems, Heidelberg, Germany). Images were collected
using a 63x oil immersion objective. The airy unit was kept at 1 and lasers were excited at 488
nm for Nile Red, and 633 nm for Fast Green with a triple dichroic filter (488/ 543/633 nm
wavelength). The depth of optical sectioning from the surface of the sample were varied
depending on the optical density of the samples. Images were then processed using Leica LAS
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AF lite version (Leica Microsystems Inc., Wetzlar, Germany) and Adobe Photoshop (Adobe
Systems Incorporated, San Jose, CA, USA).
5.2.3 Cryogenic scanning electron microscopy (cryo-SEM)
To have a better view of the surface of the cheese samples, cryo-SEM was performed. Thin
slices were cut from refrigerated cheese samples and attached to a copper sample holder using a
Tissue-Tek embedding medium. The sample holder was then plunged into liquid nitrogen slush
(approximately -207 °C) (Sansinena, Santos, Zaritzky, & Chirife, 2012) using an Emitech
K1250x cryo-preparation unit (Ashford Kent, UK). Transfer conditions were kept under vacuum
so as to maintain sample temperature and prevent frost formation on the surface of the sample.
The samples were then fractured to expose the inside structure and sublimation at -80 °C for 60
min was done to remove excess water. Sputter coating with 30 nm of gold was then performed at
<-120 °C. The holder was then transferred onto the SEM unit, which is kept at a temperature
below -155 °C (Hitachi S-570, Tokyo, Japan). The accelerating voltage of the electron beam was
10 kV and images were captured digitally using the Quartz PCI imaging package (Quartz
Imaging Corp., Vancouver, BC, Canada). Histogram was adjusted for better brightness and
contrast.
5.2.4 Small amplitude oscillatory dynamic rheology in the linear region
Cheese samples for rheological measurements were prepared by using a core borer (20 mm) to
obtain cylinders of the samples. The samples were then cut to a height or thickness of 5 mm
using a knife. For cheese single slices, cutting to a certain height was not necessary as they are
thin. Amplitude sweep measurements were then conducted using Physica MCR 302 (Anton
Paar, Graz, Austria) rheometer equipped with true strain control. Plate–plate geometry (20
mm), sandblasted to minimize slippage, was used for all measurements. Normal force (gap
setting) was kept at 0.1–0.5 N to ensure that there is continuous contact between the sample
and the plates. Temperature was kept at 7 °C throughout measurements using Peltier controls
located in the lower plate and hood the rheometer. Amplitude sweeps were conducted at a
constant angular frequency of 1 Hz, and increasing shear strain from 10-4 to 1 Pa. Storage and
loss moduli (G' and G'') outputs were obtained using Rheocompass software (Anton Paar,
Graz, Austria). Measurements were done in triplicate.
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5.2.5 Differential scanning calorimetry (DSC)
DSC experiments were carried out using a Mettler-Toledo DSC-1 Analyzer (STARe-System)
(Mettler-Toledo International, Inc., Greifensee, Switzerland). Cheese (15–20 mg) and fat
samples (5–10 mg) were weighed into an aluminum pan and were hermetically sealed. Before
melting, the samples were stabilized by holding at 0 °C for 10–20 min. The melting behavior of
the samples were then determined by heating the samples from 0 to 60 °C at 5 °C/min. The onset
and peak melting temperatures were then determined using Mettler- Toledo STARe system for
thermal analysis. DSC analysis was performed in three trials.
5.2.6 Wide angle and small angle x-ray diffraction (WAXD and SAXD)
Cheese and MF samples were prepared for X-ray diffraction by filling the well of a glass sample
holder until the well was level with the surrounding slide. Preparation was performed inside a
walk-in refrigerator to keep conditions cold. The diffraction patterns were obtained using a
Rigaku Multiflex X-ray diffractometer (Cu-K alpha, l = 1.5418 Å). Wide angle X-ray scans (12°
< 2q < 35° at 0.1–0.5° /min) and small angle X-ray scans (1° < 2q < 12° at 0.1–0.5° /min) were
performed at 4–8 or 45 °C and collected in triplicate. Characteristic d-spacings were then
determined using Bragg's equation, d = nl/2sinq, where d is the spacing between atoms (Å), n is
an integer related to the order of reflection, usually equal to 1 and q is the angle of diffraction.
Peak analysis was performed using JADE software (Materials Data Inc., California, USA) and
PeakFit version 4.12 (Systat Software, Inc., California, USA). Domain size (x) was calculated
using the Scherrer formula (Acevedo & Marangoni, 2010); x = Kl/FWHM(cosq) where K is the
shape factor, l is the wavelength of the X-ray which is 1.54 Å for copper, FWHM is the full
width at half of the maximum peak height in radians, and q is the diffraction angle. K is
dimensionless and is usually given a value of 1 for spherical particles while for crystallites of
unknown shape, a value of 0.9 is usually used (Klug & Alexander, 1974). Measurements were
performed in triplicate.
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5.2.7 Graphical and statistical analyses
Graphical and statistical analyses were performed using GraphPad Prism 5 (GraphPad Software,
San Diego, CA, USA) and Microsoft Excel 2013 (Microsoft Corporation, Redmond,
Washington, USA).

5.3 Results and discussion
5.3.1 Microstructure of processed cheese samples using confocal laser scanning microscopy
(CLSM) and cryogenic- scanning electron microscopy (cryo-SEM), and rheological
characterization
Figs. 5.2 and 5.3 show the microstructure of various processed cheese products we studied.
These microstructures correlate well with those found in the literature (Kalab, 1979, 1985; Kalab
& Modler, 1985; Lopez, 2005; Marchesseau, Gastaldi, Lagaude, & Cuq, 1997; Mounsey &
O’Riordan, 2008; Savello, Ernstrom, & Kalab, 1989; Tamime et al., 1990; Wendin, Langton,
Caous, & Hall, 2000). Using CLSM, MF globules were stained red while protein was stained
green (Fig. 5.2). It can be observed that in all cheese samples, the MF globules are distributed
throughout the protein matrix. This is also observed in cryo-SEM micrographs (Fig. 5.3) where
globular structures are embedded in the cheese matrix. Furthermore, deep circular holes can be
found, and these void spaces indicate the areas where MF globules were removed during freeze
fracturing for cryo-SEM (Kalab, 1985; Savello et al., 1989). Thus, the structure of processed
cheese can be considered as a polymer matrix composite, where spherical fat particles are
embedded in a continuous protein network (Gravelle, Barbut, & Marangoni, 2015; Gravelle,
Marangoni, & Barbut, 2016). The effect of particle fillers on the rheological properties of
polymer matrix composites have been studied extensively (Ahmed & Jones, 1990; Lewis &
Nielsen, 1970; van der Poel, 2000; van Vliet, 1988). Depending on the properties of filler
particles (size and shape, orientation, surface properties and their interaction with the matrix),
they can provide several desirable characteristics such as increase in firmness or resistance to
stress and compression, and stabilization of food emulsions and foams (Ahmed & Jones, 1990;
Dickinson, 2010, 2012a, 2012b; Gravelle et al., 2015, 2016). Active fillers or those that have
high affinity to the matrix have been found to greatly increase the mechanical strength of
materials while passive ones or those with little or no interaction with the matrix form weaker
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structures (Dickinson, 2012a; Gravelle et al., 2015, 2016).

Figure 5.2. Confocal laser scanning (CLSM) micrographs of various processed cheese products –
a) USA processed cheese single slices (PCSS); b) CAD processed cheese single slices - Kraft
brand (PCSS 1); c) USA processed cheese loaf (PCL); d) CAD processed cheese loaf (PCL); e)
USA cream cheese (CRC); and f) CAD cream cheese (CRC). Fat globules can be distinguished
as red globular or irregular structures while the protein matrix is stained green. Scale bars
correspond to 20 µm. The depth of optical sectioning from the surface of samples were varied
depending on the optical density of the samples.
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Figure 5.3. Cryogenic - scanning electron (cryo-SEM) micrographs of various processed cheese
products – a) USA processed cheese single slices (PCSS); b) CAD processed cheese single slices
- Kraft brand (PCSS 1); c) USA processed cheese loaf (PCL); d) CAD processed cheese loaf
(PCL); e) USA cream cheese (CRC); and f) CAD cream cheese (CRC). Scale bar corresponds to
10 µm.
Fig. 5.4 shows the storage and loss moduli (G' and G'') of processed cheese products after
subjecting them to increasing shear strain under constant angular frequency (w) and temperature.
Results show that differences exist in the G' and G'' of different processed cheese products at the
linear viscoelastic region (LVR). PCSS and CRC products showed higher initial G' and G''
values (2.5 to 4.6, and 0.5 to 1 x 104 Pa) than PCL products (1 and 0.3 x 104 Pa) (Table 5.1).
However, more interesting is the differences in the point where G' and G'' start to decrease,
indicating non-linear behavior or loss of solid-like behavior. This is characterized by the yield
strain, gy, which is defined as the point where 5% decrease in G' or G'/ G'' = 0.95, is observed.
For CAD and USA CRC products, the decrease in G' occurred at lower shear strain values of
about 0.05 to 0.2 x 10-2 Pa, while the G' of USA and CAD PCL products start to decrease at
about 1.3 x 10-2 Pa. Lastly the yield strain of PCSS products occurred at about 1.2 to 1.9 x 10-2
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Pa. These differences can be attributed to the differences in microstructure shown in Figs. 5.2
and 5.3. CRC products show a wide size distribution of fat globules which could result in a
weaker structure. On the other hand, PCSS products show more uniform distribution of smaller
fat globules resulting in a stronger structure. However, the effect of product composition (Table
B.1) and processing conditions should also be considered.

Figure 5.4. Storage and loss moduli (Gʹ and Gʹʹ) of processed cheese products obtained from
conducting amplitude sweep (increasing shear strain from 10-4 to 1 Pa) at a constant angular
frequency (ω) of 1 Hz and temperature of 7 °C.

As described by Gliguem et al. (2009) and Gliguem et al. (2011), TAG polymorphism affects the
viscoelastic properties of processed cheese products. However, in our paper, no link was found
between polymorphism and rheology. As discussed below, processed cheese products show
similar diffraction patterns, however, it can be observed that large differences in the rheological
properties exist which can be explained very well by microstructural studies. Rheological testing
was not performed on the products that were manipulated as thermal processing also greatly
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affects the mechanical properties of the protein matrix (Lucey, Johnson, & Horne, 2003).

Table 5.1. Average storage and loss moduli (Gʹ and Gʹʹ), and yield strain (gy) values of processed
cheese products obtained from conducting amplitude sweep (increasing shear strain from 10-4 to
1 Pa) at a constant angular frequency (ω) of 1 Hz and temperature of 7 °C

Processed cheese product

Gʹ (x 104 Pa)

Gʹʹ (x 104 Pa)

gy (x 10-2 Pa)1

USAPCSS

3.7±0.05

1.0±0.02

1.9±0.3

CADPCSS1

2.5±0.09

0.5±0.02

1.2±0.2

USAPCL

1.1±0.1

0.3±0.03

1.3±0.3

CADPCL

1.1±0.03

0.3±0.007

1.3±0.2

USACRC

4.1±0.4

1.0±0.1

0.2±0.06

CADCRC

4.6±0.3

0.9±0.07

0.05±0.007

1

Yield strain (gy) is defined as the point where Gʹ/Gʹ0 = 0.95

5.3.2 Thermal behavior of milk fat in bulk and milk fat within processed cheese using
differential scanning calorimetry (DSC) and wide-angle x-ray diffraction (WAXD)
Fig. 5a–c shows the melting behavior of AMF, cream and various processed cheese products
upon heating from 0 to 60 °C. It must be noted that the thermal transitions observed with DSC
arise from MF as protein is not expected to exhibit thermal transitions at the temperatures being
investigated (Gliguem et al., 2011).
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Figure 5.5.Differential scanning calorimetry (DSC) melting curves (0 - 60 °C) of (a) anhydrous
milk fat (AMF) and cream; (b) processed cheese products produced in Canada (CAD) –
processed cheese loaf (PCL), cream cheese original brick (CRC), processed cheese single slices
– Kraft (PCSS 1), Black Diamond (PCSS 2), Compliments (PCSS 3) and No Name (PCSS 4);
and (c) processed cheese products produced in USA.
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In Fig. 5a, it can be observed that AMF has overlapping melting peaks which are characteristic of
the three melting fractions (i.e., LMF, MMF and HMF) previously identified in MF (Grotenhuis
et al., 1999; Marangoni & Lencki, 1998; Timms, 1980). On the other hand, cream and the
different processed cheese products show two distinct melting peaks. In AMF, the presence of
overlapping peaks indicates the co-melting of the different fractions, which is expected for a bulk
system (Grotenhuis et al., 1999; Lopez, Lesieur, Bourgaux, & Ollivon, 2005). On the other hand,
the dispersion in cream, as well as in processed cheese products, results in melting peaks which
are not overlapping or that are separated which allows for distinguishing between the peak
corresponding to the melting of LMF and MMF (0–22 °C), and that of HMF (24–40 °C). These
results differ from that of Gliguem et al. (2009) and Gliguem et al. (2011). This is possibly due to
the fact that the cheeses we investigated were directly obtained from the supermarket, and they
were stored longer and were not processed further, while the products previously studied were
processed differently (i.e., heated and cooled at different cooling rates) (Gliguem et al., 2009;
Gliguem et al., 2011). Differences were also observed in XRD results which are discussed below.
Similar melting curves were found for processed cheese products made in USA (Fig. 5c)
although a narrower endothermic peak at around 30–40 °C is observed which could be due to
difference in solid fat content between USA and CAD products.
WAXD patterns in Fig. 5.6a–c show the polymorphs present in AMF, cream and various
processed cheese (PCL and CRC) products produced in USA and Canada (CAD) after storage at
0 °C. Characteristic d-spacings are indicated in the figures and it can be seen that cream and
processed cheese products have well- defined peaks with corresponding d-spacings of 4.2, 3.8
and 3.7 Å, and 4.6 Å which indicate the presence of β' and β polymorphs. AMF also show the
same peaks. However, comparing the intensities within the patterns of each sample, that the ratio
of the height of the peak related to the β polymorph to that of the β' form is lower in AMF than in
cream and processed cheese products. Furthermore, in processed cheese products the 4.6 Å peak
is sharp and well-defined, especially in CAD CRC. Similarities in the XRD patterns of cream,
CAD PCL and USA CRC indicate that dispersion of MF allows for the formation of the β
polymorph. The presence of the β polymorph has not been reported in previous studies done on
processed cheese. Differences in the composition of processed cheese products shown in Table
A.1 do not seem to affect the polymorphic behavior of MF in processed cheese, except for PCSS

91
products.

Figure 5.6. Wide-angle x-ray diffraction (WAXD) patterns of (a) anhydrous milk fat (AMF),
cream; (b) processed cheese loaf (PCL) produced in USA and Canada (CAD); and (c) cream
cheese original brick (CRC) produced USA and Canada (CAD) after storage at 0 °C. Lines
indicate the peaks corresponding to d-spacings characteristic of βʹ (4.2, 3.8 and 3.7 Å) and β (4.6
Å) polymorphs.

Results of DSC and XRD analyses indicate that a difference exists in the thermal behavior of MF
in bulk versus that when it is dispersed within the cheese matrix. Slow cooling and long- term
storage of AMF and cream allows for the polymorphic transformation of the unstable species (a)
into the more stable ones (βʹ and β) (Buldo, Kirkensgaard, & Wiking, 2013; Fredrick et al., 2011;
Grotenhuis et al., 1999; Lopez, Bourgaux, Lesieur, Bernadou, et al., 2002; Lopez, Bourgaux,
Lesieur, & Ollivon, 2002). However, as these authors also noted, in MF, the most stable form (β)
is rarely found or it is present in trace amounts due to the complex composition of MF (presence
of short chain and cis-unsaturated fatty acids). On the other hand, in processed cheese products,
well-defined peaks corresponding to a d- spacing of 4.6 Å (especially in CAD CRC) indicate that
factors present in processed cheese allows or forces the formation of the β polymorph. The
microstructure of the processed cheese products show that MF is dispersed as globules embedded
in the protein matrix. The physical constrains imposed by the solid food matrix could have forced
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the TAGs in MF to arrange themselves into the most compact or stable form. The presence of
other ingredients that could complement the structure of TAGs or that could induce a templating
effect could also allow the formation of the β polymorph (Cerdeira et al., 2005; Rizzo, Norton, &
Norton, 2014; Sato & Ueno, 2011). However, other ingredients such as other crystalline salts
could also enhance the crystallization kinetics of MF resulting in the formation of the βʹ form.

Figure 5.7. Wide-angle x-ray diffraction (WAXD) patterns of different brands of processed
cheese single slices produced in Canada– a) Kraft (CAD PCSS 1), b) Black Diamond (CAD
PCSS 2), c) Compliments (CAD PCSS 3), and d) No Name (CAD PCSS 4), e) USA Kraft
Singles(USA PCSS) and f) lactose after storage at 0 °C. Lines indicate the peaks corresponding
to d-spacings characteristic of the βʹ polymorph of fats (4.2, 3.8 and 3.7 Å), and β (4.6 Å)
polymorph of fat.

WAXD patterns of the different brands of PCSS also show characteristic peaks corresponding to
the βʹ form; however, numerous sharp peaks representing different lattice parameters are also
observed (Fig. 5.7). These peaks have not yet been characterized due to the complex composition
of the cheese products. Diffraction peaks found in lactose do not correspond very well with the
peaks in processed cheese. Therefore, the very sharp peaks may indicate that the crystals are
oriented due to the processes applied for making individual cheese slices, which are different
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from when bulk packs (cheese blocks) are produced. Orientation of the crystals results in sharper
peaks and higher signal intensity (deMan, 1992; Idziak, 2012; Marangoni & Wesdorp, 2013;
Peyronel & Campos, 2012). The similarity in the diffraction patterns in all the single cheese slice
products may reflect similarities in composition and processing conditions.
5.3.3 Small angle x-ray diffraction (SAXD) patterns of milk fat and cheese samples
AMF and cream show similar SAXD patterns which indicates that although the polymorphism
(i.e., cross-sectional packing) is different, the TAGs present are stacked in similar lamellar
configurations (2L and 3L) (Fig. 5.8a). SAXD patterns of processed cheese products (Fig. 5.8b)
also show 2L and 3L stacking of TAGs, however, slight differences in the spacings can be
observed (Table 5.1). This proves that the signals we obtained for PCL and CRC products in the
WAXD region are similar crystalline materials (i.e., from the packing of TAGs).

Figure 5.8. Small-angle x-ray diffraction (SAXD) patterns of (a) anhydrous milk fat (AMF) and
cream; and (b) cream cheese original brick (CRC) and processed cheese loaf (PCL) produced in
USA and Canada (CAD) after storage at 0 °C. Although not observed in the patterns due to the
limitation of the XRD equipment used, lamellar thicknesses of 54 (a) and 60 Å (b) indicate triple
chain length (3L) configuration of triacylglycerols (TAGs) reflected by 27 (a) and 30 Å (b)
(3L002) and 18 (a) and 20 Å (b) (3L003); while lamellar thicknesses of 39 (a) and 42 Å (b) indicate
double chain length (2L) stacking of TAGs reflected by 19 (a) and 21 Å (b) (2L002); and 13 (a)
and 14 Å (b) (2L003).
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Table 5.2. d-spacings (Å), domain sizes (nm) and peak areas (%) obtained from the analysis of
SAXS patterns of AMF, cream, cream cheese (CRC) and processed cheese loaf (PCL) from USA
and Canada (CAD)
Sample

AMF

Cream

USA CRC

CAD CRC

USA PCL

d-spacing (Å) and type
~39 (2L001)*
26.62 (3L002)
19.31 (2L002)
18.03 (3L003)
13.51 (2L003)
~39 (2L001)*
26.85 (3L002)
19.07 (2L002)
18.22 (3L003)
13.32 (2L003)
~42 (2L001)*
29.63 (3L002)
20.28 (2L002)
18.86 (3L003)
13.59 (2L003)
~42 (2L001)*
28.93 (3L002)
21.66 (2L002)
19.22 (3L003)
13.90 (2L003)
~42 (2L001)*
29.59 (3L002)
19.39 (2L002)
17.99 (3L003)
13.61 (2L003)

Domain size (nm) using Peak area (%) out of the
the 2L001 peak
peaks listed
54.92
17.66
38.48
2.93
3.61
20.88

34.46

52.68
16.87
5.01
4.60
20.83

18.97

74.64
10.40
2.89
2.08
9.99

22.58

61.66
16.03
2.11
4.74
15.45

21.70

68.11
9.79
3.08
0.52
18.51

~42 (2L001)*
59.95
29.48 (3L002)
23.25
22.52
CAD PCL
20.54 (2L002)
4.21
18.98 (3L003)
3.05
13.60 (2L003)
9.54
*Value approximated based on the d-spacing of 2L003 due to the limitations of the XRD machine
used.
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Crystalline parameters in Table 5.2, obtained from the analysis of SAXS patterns of AMF,
cream, CRC, and PCL products, show that in all samples, a 3L stacking is present. A stacking of
TAGs with d-spacings of 54–60 Å may indicate the presence of an a polymorph (4.15 Å)
coexisting with b' (4.2 and 3.7 Å) and b (4.6, 3.8 and 3.7 Å) forms. The coexistence of a and b'
polymorphs was previously observed in AMF and cream after long hours of storage at 4 °C
(Lopez, Bourgaux, Lesieur, & Ollivon, 2002). Previous studies on the fast cooling of MF show a
d-spacing of around 70 Å for a 3L(001) a structure (Lopez et al., 2001a; Lopez, Bourgaux, Lesieur,
& Ollivon, 2002; Lopez et al., 2005), however as Fredrick et al. (2011) described, during
isothermal conditions, this form is enriched with mostly short chains, as some of TAGs rearrange
into a 2L b' structure and therefore a reduced spacing for a 3L a structure is observed. The more
compact 2L packing (39–42 Å) is related to the more stable polymorphs b' and b. In AMF and
cream, the ratio between the long-spacings at the 001 plane (2L) and the calculated domain sizes
of 35–39 nm indicate the stacking of around 9–10 TAG lamellae per crystalline domain, which
in our case corresponds to the thickness of a crystalline nanoplatelet (CNP) (Acevedo &
Marangoni, 2010); while in processed cheese products, calculated domain sizes of 19–23 nm
indicate the stacking of about 4–6 TAG lamellae per domain or CNP. The differences in the
domain sizes could give an indication on the effect of the embedding of the MF globules in a
protein matrix, however, the dissimilarities in the peak intensities due to differences in fat
concentration should also be considered as we are comparing pure fat samples with processed
cheese products. Calculated peak areas indicate that the relative concentration of the 2L structure
in all the samples is greater than the 3L chain length packing.
It is important to note that the 3L and 2L d-spacings in AMF and cream are smaller than that of
processed cheese products, indicating that although there are more lamellar structures stacked in
bulk fat and cream, these structures are packed in a more compact manner than in processed
cheese products. This is not expected as it was found that there is a greater extent of b
polymorph formation in processed cheese products than in bulk fats.
5.3.4 Melting and manipulation of the polymorphism of milk fat within processed cheese
Fig. 5.9 shows the WAXD patterns of AMF and CAD processed cheese products after melting at
45 °C for 30 min. This temperature was chosen based on the final melting temperature of AMF
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based on DSC. Results show that the characteristic diffraction peaks in all the samples have
disappeared except for CAD PCSS1, and the amorphous patterns of the cheeses are similar to
that of melted AMF. These results indicate that the diffraction peaks observed at refrigeration
temperatures are from milk fat alone, except for PCSS products, which may contain components
that are not melted at the melting temperature of AMF, most probably crystalline salts.

Figure 5.9. (a) Wide-angle x-ray diffraction (WAXD) patterns of anhydrous milk fat (AMF),
cream cheese original brick (CRC), processed cheese loaf (PCL) and processed cheese single
slices – Kraft brand (PCSS 1) produced in Canada (CAD) after heating at 45 °C for 30 minutes.

Fig. 5.10 shows the SAXD and WAXD patterns of CAD processed cheese products after being
subjected to heating and fast cooling to determine whether the MF in cheese will recrystallize in
the b' polymorph as usually found when bulk AMF is subjected to fast cooling, or recrystallize
into the b form. After one hour of stabilization at 0 °C, it can be noted that the 3L stacking of
TAGs and the sharp peak corresponding to a d-spacing of 4.6 Å (especially for CAD CRC)
disappeared in the samples indicating that they are now in the b' polymorph. This behavior of
MF within processed cheese matches that of bulk MF (Grotenhuis et al., 1999; Lopez, Lavigne,
Lesieur, Keller, et al., 2001; Lopez, Bourgaux, Lesieur, Bernadou, et al., 2002). The formation of
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the b' polymorph in cheese products upon fast cooling could be due to the fact that upon increase
in temperature, the fat globules fully coalesced and formed pools of fat (Ong, Dagastine, Kentish,
& Gras, 2011; Wendin et al., 2000) which then makes the MF in processed cheese behave in the
same way as bulk MF. No changes were observed in the XRD patterns of the heat-treated
cheeses after 10 days at refrigeration temperatures which indicates that the b' polymorph is now
the stable form of milk fat in cheese.

Figure 5.10. (a) Small-angle x-ray diffraction (SAXD) patterns of cream cheese original brick
(CRC) and processed cheese loaf (PCL); and (b) wide-angle x-ray diffraction (WAXD) patterns
of cream cheese original brick (CRC), processed cheese loaf (PCL) and processed cheese single
slices – Kraft brand (PCSS 1) produced in Canada (CAD) after heating to 60 °C, fast cooling to
10 °C and keeping at 0 °C. A lamellar spacing (a) of 40.5 Å indicates double chain length (2L)
configuration of triacylglycerols (TAGs) reflected by 21 Å (2L002); and 13.5 Å (2L003). Lines in
(b) indicate the peaks corresponding to d-spacings characteristic of the βʹ (4.2, 3.8 and 3.7 Å) and
β (4.6 Å) polymorphs.
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5.4 Conclusions
In this study we showed that the polymorphism of MF within processed cheese products can be
fully characterized using DSC and XRD, and may therefore provide the food industry an
alternative method for profiling their products, especially for determining thermal history or
stability at the molecular level (i.e., similar to tempering of chocolate). Processed cheese
microstructure was found to greatly affect its rheological properties. Results of the study suggest
that the embedding of the MF globules within the protein matrix and/or presence of other
ingredients increases the ratio of the β polymorph to the βʹ form. However, a model system is
necessary in order to pinpoint which of these factors (embedding or dispersion, and/or presence
of other ingredients) affect MF polymorphism within processed cheese. Fast cooling of
processed cheese products resulted in the formation of the βʹ polymorph which is commonly
observed in bulk MF.
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Abstract
The effect of incorporation and presence of various ingredients in a model sodium caseinatebased imitation cheese matrix on the polymorphism of milk fat was comprehensively described
using powder x-ray diffraction, differential scanning calorimetry, and micros- copy. With
anhydrous milk fat (AMF) in bulk used as control, the embedding of AMF as droplets in a
protein matrix was found to result in a greater extent of formation of the β polymorph than AMF
alone and AMF homogenized with water and salts solution. The use of other protein matrices
such as soy and whey protein isolate gels revealed that the nature of the protein and other factors
associated with it (i.e., hydrophobicity and molecular structure) do not seem to play a role in the
formation of the β polymorph. These results indicated that the most important factor in the
formation of the β polymorph is the physical constraints imposed by a solid protein matrix,
which forces the triacylglycerols in milk fat to arrange themselves in the most stable crystal
polymorph. Characterization of the crystal structure of milk fat or fats in general within a food
matrix could provide insights into the complex thermal and rheological behavior of foods with
added fats.

6.1 Introduction
Milk fat (MF) is one of the most widely studied fats because of its importance in the production
of various food products such as butter, ice cream, cheese, and chocolate (Wright et al., 2001;
Lopez et al., 2006; Gliguem et al., 2009, 2011; Sonwai and Rousseau, 2010; Méndez-Velasco
and Goff, 2012). The crystal network that MF forms at different length scales has been
extensively characterized and was shown to affect the various physical, mechanical, and
rheological properties of MF (Narine and Marangoni, 1999; Wright et al., 2001; Campos et al.,
2002; Ramel and Marangoni, 2016; Ramel et al., 2016). Polymorphism refers to the subcell
packing of triacylglycerols (TAG) in a crystalline lattice. It is one of the most commonly used
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structural characterization parameters of MF crystal networks, and it was found to be well
correlated with the melting properties of fats (Timms, 1984; deMan, 1992; Grotenhuis et al.,
1999; Sato, 2001). Milk fat has been shown to crystallize into 3 major polymorphs: α, β′, and β.
The α polymorph of MF is metastable and readily transforms into a more stable form, usually the
β′ polymorph, while the β form is seldom found (Woodrow and deMan, 1968; Lopez et al.,
2001a,b,c; Wright and Marangoni, 2002). Because of the presence of unsaturated fatty acids
(FA) that have “kinks” (cis- double bonds) in their structure and the abundance of short-chain
FA in MF, the packing of TAG in the most compact form (triclinic system) is generally inhibited
(van Aken et al., 1999; Sato, 2001; Jensen, 2002). In previous studies, the β polymorph was
shown to be formed when a sufficient amount of liquid fat is present along with high amounts of
long-chain saturated FA (Wright et al., 2000; Mazzanti et al., 2004; Tzompa- Sosa et al., 2016).
Furthermore, the β polymorph was observed in native cream and nanoemulsions of milk lipids
(Lopez et al., 2002a; Bugeat et al., 2011; Rønholt et al., 2012; Truong et al., 2014). Various
processing conditions such as crystallization temperature, cooling rate, application of shear, and
addition of emulsifiers have also been used to study the formation of different crystal
polymorphs in MF (van Aken and Visser, 2000; Lopez et al., 2001a,b; Martini et al., 2001;
Wiking et al., 2009; Kaufmann et al., 2012). The polymorphism of MF has been extensively
studied using x-ray diffraction (XRD) technique. Coupled with Bragg’s law, characteristic dspacings related to the geometry that TAG molecules arrange or conform into, are determined
with the technique. The α, β′, and β polymorphs are characterized by d-spacings in the wide
angle region of ~4.1, ~4.2 and 3.8, and ~4.6 Å, respectively (Woodrow and deMan, 1968;
D’Souza et al., 1990; deMan, 1992).
Most of these studies have been carried out using anhydrous milk fat (AMF) and cream alone or
as they are. However, MF is also usually incorporated in food products, and conditions that have
been previously studied may not fully explain the crystallization behavior of MF within the
matrix of a solid food product (e.g., cheese) that contains other various ingredients such as
protein. Results of our previous experiments on commercial processed cheese products showed
that MF in processed cheese has higher ratios of β to β′ polymorph than MF in bulk (Ramel and
Marangoni, 2017). We proposed that the embedding of the fat globules in the protein matrix, the
presence of other ingredients, or both could have forced the TAG in MF to arrange into the most
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stable crystal form.
Therefore, the main objective of this study was to determine specific factors in processed cheese
that allow or force the formation of the β polymorph in MF, using a model sodium caseinatebased imitation cheese product. With AMF in bulk used as the control, a reductionist approach
was also employed by mixing AMF with various individual ingredients of the model cheese and
then determining polymorphism. Lastly, to investigate the effect of the nature of the protein
matrix on the polymorphism of MF, soy and whey proteins were also used as the main protein
components.

6.2 Materials and methods
6.2.1 Materials
Anhydrous milk fat was kindly provided by The Kraft Heinz Company (Waukegan, IL). For
cheese-making, sodium caseinate (90.8% protein, Fonterra Cooperative Group, Auckland, New
Zealand), sodium citrate, citric acid, and potassium sorbate (Hela Spice, Uxbridge, ON, Canada),
disodium phosphate (Fisher Scientific, Pitts- burgh, PA), table salt and Cheddar cheese flavoring
were used. Soy protein (Hela Spice) and whey protein isolate (BiPro, Agropur Inc., Le Sueur,
MN) were also used as main protein components. Furthermore, as a negative control, canola oil
(from the supermarket) was also used as the fat component in cheese.
6.2.2 Sample preparation
Samples were prepared according to a modified formulation and laboratory-scale processing
used in the literature (Mounsey and O’Riordan, 2008; Sołowiej et al., 2014). First, sodium
caseinate (21%) was dissolved in water (48.8%) at room temperature (~21°C) using a countertop mixer (Hobart, North York, ON, Canada) at speed setting 1. Liquefied fat (e.g., 100 °C for
2–5 min, AMF or canola at 26%) was then added to the caseinate suspension and mixed for 2
min. Emulsifying salts [2.18% (1.08% (tri)sodium citrate, 0.62% citric acid, 0.48% disodium
phosphate)], salt (1.50%), cheddar flavoring (0.42%), and potassium sorbate (0.1%) were then
added and mixed for 1 min. A water bath set at 80 °C was then attached to the mixer, and the
mixture was homogenized at ~10,000 rpm for 10 min using an Ultra Turrax homogenizer (IKA,

108
Staufen, Ger- many). Samples were placed in a plastic container with aluminum foil, kept at
room temperature for 30 min, and then stored at 4 to 7 °C before analyses. For the breakdown
approach, AMF was mixed with individual ingredients (at amounts similar to those used in
making cheese) and then processed at similar conditions. Three batches per sample were
produced and are summarized in Table 6.1.
Table 6.1. Summary of the samples prepared and their corresponding compositions.
Sample name

Composition

1. AMF cheese
2. Canola cheese
3. AMF
4. AMF H2O
5. AMF caseinate
6. AMF salts
7. AMF soy
8. AMF whey

AMF, water, sodium caseinate, emulsifying salts, salt, flavoring
Canola oil, water, sodium caseinate, emulsifying salts, salt, flavoring
AMF
AMF, water
AMF, water, sodium caseinate
AMF, water, emulsifying salts, salt, flavoring
AMF, water, soy protein
AMF, water, whey protein

1

AMF = anhydrous milk fat.

6.2.3 Cryogenic-scanning electron microscopy
To ensure that MF is emulsified in the protein matrix, cryogenic-scanning electron microscopy
(cryo-SEM) was performed. Thin slices of the cheese sample were cut and inserted into a copper
sample holder. Using a Tissue-Tek embedding medium, the samples were kept in place. The
sample holder was then immersed in a liquid nitrogen slush (approximately −210 °C) using an
Emitech K1250x cryo-preparation unit (Ashford, UK). Fracturing of the samples was then
performed to expose the inside structure of the cheese. Sublimation at −80 °C for 60 min was
then done to remove excess water, and samples were sputter-coated with ~30 nm gold to increase
conductivity. Samples were then transferred onto the scanning electron microscopy unit, which
was kept at a temperature below −140 °C (Hitachi S-5700, Japan). The scanning electron
microscopy unit was operated at 10-kV accelerating voltage of the electron beam, and images
were captured digitally using Quartz PCI imaging package (Quartz Imaging Corp., Vancouver,
BC).
6.2.4 Powder x-ray diffraction
For wide-angle x-ray diffraction (WAXD), samples were prepared by filling the well of a glass
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sample holder until the well was level with the surrounding slide. All samples were prepared
inside a walk-in refrigerator to keep conditions cold. Wide-angle x-ray scans (12° < 2θ < 35° at
1°/min) were obtained using a Rigaku Multiflex x-ray diffractometer (Cu-K α, λ = 1.5418 Å;
Rigaku Corporation, Tokyo, Japan). Measurements were performed at 4 °C by putting the glass
slide on top of a peltier that is attached to a temperature-controlled water bath. Characteristic dspacings were determined using Bragg’s equation, d = nλ/2sinθ, where d is the spacing between
atoms (Å), n is an integer related to the order of reflection, usually equal to 1, and θ is the angle
of diffraction. Samples were measured after 1 and 3 wk of storage at 4 to 7 °C. To confirm that
the diffraction peaks came from AMF crystals, samples were melted by putting the glass slides in
a 45 °C oven for 30 min. The WAXD measurements were then performed at 45 °C. These
measurements were done in duplicate per batch. Peak analysis and quantification of the relative
proportion of the β polymorph to the β′ form was performed by taking the ratio of the % heights
of the corresponding peaks using MDI Jade 9 (Materials Data Inc., Livermore, CA).
6.2.5 Differential scanning calorimetry
Differential scanning calorimetry (DSC) measurements were performed using a Mettler-Toledo
DSC-1 Analyzer (STARe-System; Mettler-Toledo International Inc., Greifensee, Switzerland).
Samples (5–10 mg for AMF and AMF mixtures, and 15–20 mg for cheeses and AMF caseinate)
were weighed into an aluminum pan. The DSC procedure was programmed to stabilize samples
at 0 °C for 10 min before melting to 60 °C at 5 °C/min. This measurement was done every week
for 3 wk and was performed in duplicate.
6.2.6 Graph plotting, statistical and image analysis
Graph plotting and statistical analysis were per- formed using GraphPad Prism v.6 (GraphPad
Software, San Diego, CA). Statistical differences in Table 6.2 were determined by performing an
ordinary one-way ANOVA, and choosing Tukey’s multiple comparison test as a post test at
95% CI. Image analysis of scanning electron micrographs was done using Image J software
1.42q (National Institutes of Health, Bethesda, MD). The distance covered by drawing a line in
pixels was calibrated or converted into micrometers, using the scale bar in the images. Circles
were drawn around distinguishable fat droplets in the micrographs, and diameters were
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calculated from the measured area of these circles. Four micrographs were analyzed, and 42
measurements were made.

6.3 Results and discussion
6.3.1 Microstructure of model cheese
Microstructural characterization of the model imitation cheese in Figure 6.1 shows that AMF
was emulsified as droplets in the protein matrix. This emulsification was achieved by
homogenization and cooking. This microstructure is similar to that of commercial or previously
studied processed cheese products (Mounsey and O’Riordan, 1999; Tamime, 2011; Sołowiej et
al., 2014), indicating that the conditions present in the current investigation were relevant or
applicable to our previous study on commercial processed cheese products (i.e., embedding of fat
globules in the protein matrix; Ramel and Marangoni, 2017). Fat droplet size estimations by
image analysis are shown in Supplemental Figure C.1. Most AMF droplets were approximately 6
to 8 µm.

Figure 6.1.Cryogenic- scanning electron micrograph (Cryo-SEM) of a model sodium caseinatebased imitation cheese with anhydrous milk fat (AMF) as the main fat component.
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6.3.2 Melting behavior of AMF, AMF mixtures, and model cheeses
Differential scanning calorimetry analysis of AMF, AMF homogenized with various ingredients,
and cheeses made with AMF and canola oil (Figure 6.2) differed in melting behavior upon
heating from 0 to 60 °C. The lack of peaks in canola oil cheese indicates that no crystals were
present in this sample, and DSC melting peaks observed in cheeses with AMF arose from the
melting AMF crystals only and not from protein and other various ingredients in the model
cheese. Furthermore, the temperatures (0–60 °C) that were investigated are not expected to cause
proteins to exhibit thermal transitions (Gliguem et al., 2011).
The AMF embedded in the protein matrix (AMF caseinate and AMF cheese) showed 2 distinct
melting peaks corresponding to the melting of the low-melting and middle-melting fractions
(LMF and MMF) at 0 to 22 °C and to the high melting fraction (HMF) at about 24 to 42 °C.
These melting curves are similar to those found in ripened cream (Buldo et al., 2013) and our
previous findings in commercial processed cheese products. On the other hand, AMF alone and
AMF with water and salts showed overlapping melting peaks, which are commonly found when
MF in bulk is melted due to co-melting of 3 fractions (i.e., LMF, MMF, and HMF) (Timms,
1980; Marangoni and Lencki, 1998; Grotenhuis et al., 1999). These results indicate that when
AMF is dispersed as cream or throughout the protein matrix, the melting of the LMF and MMF
can be distinguishable from the melting of HMF. Furthermore, this finding supports our
observations with the scanning electron micrographs that AMF was homogenized or well
dispersed in the protein matrix.
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Figure 6.2. Differential scanning calorimetry (DSC) melting curves (0 – 60 °C) of anhydrous
milk fat (AMF); AMF homogenized with water (AMF H2O) and emulsifying salts solution
(AMF salts); AMF incorporated in sodium caseinate gel (AMF caseinate) and model cheese
(AMF cheese); and model cheese made with canola oil (Canola cheese) after 1 wk of storage at 4
– 7 °C. Exo = exothermic.
6.3.3 Powder x-ray diffraction spectra of AMF, AMF mixtures, and model cheeses after
storage
Wide-angle x-ray diffraction patterns of AMF mixed with various ingredients but the same
processing conditions show differences in the peak related to a d-spacing of ~4.6 Å (Figure
6.3a). The absence of any characteristic peaks in canola cheese indicates that the diffraction
peaks observed in samples made with AMF are from MF crystals only because at 4 to 7 °C,
canola oil is not expected to crystallize, which is also shown in the DSC results (Figure 6.2). The
WAXD patterns of AMF cheese and AMF caseinate samples, in which AMF was emulsified or
embedded as droplets in the protein matrix, show a very visible 4.6-Å peak, indicating a greater
degree of β polymorph formation in these samples. This result supports our previous findings
that the physical constraints imposed by the dispersion of fat in a solid matrix induces TAG in
MF to arrange themselves into the most stable crystal form (Ramel and Marangoni, 2017). The
effect of dispersion on the crystallization kinetics and polymorphism of MF has been studied
extensively (Kloek et al., 2000; Lopez et al., 2002b; Bugeat et al., 2011; Fredrick et al., 2011;
Rønholt et al., 2012; Buldo et al., 2013; Truong et al., 2014). The formation of the β polymorph
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co-existing along with the β′ form in native cream is due to the inherent slow cooling caused by
low concentrations of catalytic impurities or nucleation sites when MF is dispersed (Walstra and
van Beresteyn, 1975; Lopez et al., 2002a,b; Rønholt et al., 2012; Buldo et al., 2013).
Furthermore, a greater degree of β polymorph formation was observed in nanoemulsions
because, although compositions were different, a higher supersaturation is required for TAG in
smaller-sized droplets to start crystallizing (Bugeat et al., 2011; Truong et al., 2014). Our system
was different from cream and the nanoemulsions previously studied because AMF does not have
a membrane around fat droplets, which is naturally present in native cream, and therefore TAG
in AMF were directly in contact with various heterogeneous materials in the matrix during
crystallization, especially salt crystals that could well enhance nucleation and crystal growth.
Furthermore, our results show that when fat is homogenized with emulsifying salts solution
(AMF salts), the crystals formed are mostly in the β′ polymorph (Figure 6.3a). In terms of
droplet size, the cryo-SEM micrograph in Figure 6.1 and droplet size frequency distribution in
Supplemental Figure C.1 show that the fat droplets in AMF cheese have sizes around the
micrometer range. These results therefore suggest that the formation of the β polymorph in AMF
cheese and AMF caseinate samples is not caused by low undercooling of a dispersed system
(thermodynamic effect), but by the confinement in the solid matrix (physical effect). The AMF
H2O sample behaved in the same way as AMF, even with homogenization, because of the
eventual separation between AMF and water during cooling. Therefore, a true dispersion was not
achieved, causing AMF H2O to behave as bulk fat. Paired with our previous findings in
commercial processed cheese products (Ramel and Marangoni, 2017), current results indicate
that the dispersion or embedding of fat globules in the cheese matrix is the most important factor
in the formation of the β polymorph, rather than the templating effect caused by other ingredients
(i.e., salts) present in commercial processed cheese products.
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Figure 6.3. Wide-angle x-ray diffraction (WAXD) patterns of anhydrous milk fat (AMF); AMF
homogenized with water (AMF H2O) and emulsifying salts solution (AMF salts); AMF
incorporated in sodium caseinate gel (AMF caseinate) and model cheese (AMF cheese); and
model cheese made with canola oil (Canola cheese) after (a) 1 wk and (b) 3 wk of storage at 4 to
7 °C. Arrows indicate d-spacings corresponding to characteristic polymorphic forms present: 4.6
Å (β) and 4.2 and 3.8 Å (β′).

Quantification of the relative proportion of the β polymorph to the β′ form by taking the ratio of
the % height of the peak corresponding to a d-spacing of 4.6 Å (β polymorph) to 4.2 Å (β′
polymorph) within the diffraction pattern of each sample revealed that the β polymorph forms to
a significantly greater extent in AMF cheese and AMF caseinate (i.e., when fat is dispersed or
embedded as droplets within the protein matrix) than in AMF alone or AMF homogenized with
water and salts solution (AMF H2O and AMF salts; Table 6.2). Furthermore, it can be observed
that a greater extent of β polymorph formation occurs in the AMF caseinate sample than in the
AMF cheese, which could be due to the presence of salts in AMF cheese, which could enhance
β′ polymorph formation.
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Table 6.2. Relative proportion of the b polymorph to the b' form by taking the ratio of the
percent height of the peaks corresponding to 4.6 Å (b polymorph) and 4.2 Å (b' polymorph).
Sample
Average height ratio (b /b')1,2
AMF1
0.100 ± 0.018a
AMF H2O
0.187 ± 0.051a
AMF salts
0.247 ± 0.035a
AMF caseinate
0.765 ± 0.072b
AMF cheese
0.552 ± 0.043c
a-c
Values with the same letters indicate no significant difference at a = 0.05.
1

AMF = anhydrous milk fat.

2

Values shown are from the average of six measurements ± SEM.

The polymorphism of the samples was also determined after 3 wk (Figure 6.3b) to investigate
whether transitions occur over time. The crystals formed after 1 wk were stable because similar
WAXD patterns for each of the samples were observed after 3 wk (Figure 6.3a and 6.3b). This
result is consistent with previous findings that once a stable form is adopted by TAG, further
transformation is not observed, especially at a storage temperature of 4 to 7 °C. For AMF not
embedded in the protein matrix, the most stable form is β′ because of its complex and
heterogeneous molecular composition.
6.3.4 Powder x-ray diffraction spectra of AMF, AMF in sodium caseinate gel and model
cheese, and canola oil
To be able to correlate DSC and XRD results, we subjected the samples to heating according to
the final melting temperature of AMF (~45 °C) obtained from DSC and then determined the
polymorphic forms present at this temperature. Because of the complete melting of AMF at this
temperature, we expected that no more crystalline structures would be present. Results in Figure
6.4 show that after melting, diffraction peaks were no longer distinguishable in all the samples.
Furthermore, the WAXD patterns of AMF cheese and AMF caseinate are similar to that of
melted AMF and canola oil, confirming that the characteristic peaks we observed in XRD for all
samples were from AMF crystals.
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Figure 6.4. Wide-angle x-ray diffraction (WAXD) patterns of anhydrous milk fat (AMF); AMF
incorporated in sodium caseinate gel (AMF caseinate) and model cheese (AMF cheese); and
model cheese made with canola oil (Canola cheese) after melting at 45 °C for 30 min.
6.3.5 Powder x-ray diffraction spectra of AMF in soy and whey protein isolate gels
For determining other factors that could also affect the polymorphism of AMF in a protein
matrix such as the surface properties and structure of the protein molecules, we incorporated
AMF in soy and whey protein isolate gels, which have amino acid profiles that are different from
those of sodium caseinate.
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Figure 6.5. Wide-angle x-ray diffraction (WAXD) patterns of anhydrous milk fat incorporated in
soy (AMF soy) and whey protein isolate (AMF whey) gels after 1 wk of storage at 4 to 7 °C.
Arrows indicate d-spacings corresponding to characteristic polymorphic forms present: 4.6 Å (β)
and 4.2 and 3.8 Å (β′).

Results in Figure 6.5 show that the WAXD patterns of AMF incorporated in soy (AMF soy) and
whey protein isolate (AMF whey) gels are similar to those of AMF caseinate and AMF cheese.
Quantifying the β polymorph to β′ form ratio of AMF soy and AMF whey, we were able to get
values of 0.454 ± 0.100 and 0.597 ± 0.080, respectively, which are close to the values obtained
for AMF cheese and AMF caseinate. This result therefore indicates that the formation of the β
polymorph in AMF is not affected by the nature of the protein (e.g., hydrophobicity or
templating effect due to similar molecular structures), but by the embedding or incorporation of
AMF as droplets (physical effect) in the solid protein matrix, which further supports our findings
above.
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6.4 Conclusions
Using a model sodium caseinate-based imitation cheese product, we have shown that the
formation of the most stable crystal polymorph of MF (β form) in processed cheese products is
due to the confinement of TAG through embedding of MF droplets in the protein matrix. The
physical constraints imposed by this solid matrix could have forced TAG in MF to arrange
themselves in the most compact or stable form. Thermodynamic effects (i.e., inherent slow
cooling) caused by dispersion of fat into droplets do not seem to play a role in this system
because TAG in AMF were in constant interaction with the different ingredients (e.g., salts) in
the matrix, which could have enhanced crystallization or nucleation. Correlations between XRD
and DSC measurements confirmed that the characteristic peaks we observed were from AMF
alone. This work points to the fact that if the quality and functionality of MF-containing food
products depend on its melting behavior, then the effects of different food components as well as
dispersion state of MF need to be taken into consideration. Results of this study could have a
great effect on the understanding of the complex thermal and rheological behavior of foods with
MF or fats as one of its main ingredients.
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Chapter 7. Processed cheese as a polymer matrix composite: a particle toolkit
for the replacement of milk fat in processed cheese
Pere R. Ramel and Alejandro G. Marangoni
In Prep for Food Hydrocolloids

Abstract
In this study, we show that the replacement of milk fat with canola oil in a model caseinate-based
imitation cheese product to increase its nutritional value can be done by treating processed
cheese as a particle filled gel network. Using microscopy, model imitation cheese products with
different lipid phases were found to have similar microstructures where fat or oil appear as inert
particle fillers in a continuous protein network. Using a texture profile analyzer, we show that the
mechanical properties of model imitation cheese are dependent on the material properties of the
inert filler. Addition of rigid particle fillers generally result in greater reinforcement of the matrix
(i.e., increased hardness). The addition of oat fiber particles at 5% volume fraction to model
cheese containing 51% milk fat and 49 % canola oil resulted in a product with similar
functionalities (i.e., hardness, oil stability, and meltability) as that of model cheese containing
100% milk fat. The current study therefore shows that the addition of edible non-fat particles for
matrix reinforcement can be used as an alternative method for reducing saturated fats in foods
while keeping other desirable properties of the product.

7.1 Introduction
Processed cheese products were developed in order to extend the shelf-life as well as to
standardize the properties (mainly texture and flavor) of natural cheese. Processed cheese is
made by grinding natural cheese followed by the addition of emulsifying salts and
standardization of its composition (e.g., fat to protein ratio), and then cooking and
homogenization (Bachmann, 2001; Guinee, Caric, & Kalab, 2004; Kapoor & Metzger, 2008;
O’Riordan, Duggan, O’Sullivan, & Noronha, 2011; A. Y. Tamime, 2011). Processed cheese is
usually added as an ingredient in burgers, grilled cheese sandwiches, pasta, pizza, and other food
products. The desirable properties of processed cheese include suitable firmness, which allows it
to retain its shape during storage and handling (e.g., grating), good oil or fat stability, and
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sufficient meltabilty so that it melts easily upon heating (e.g., during baking and grilling). These
functionalities are dependent not only on the casein network but also on the fat content
(Bachmann, 2001; Gliguem, Lopez, Michon, Lesieur, & Ollivon, 2011; Kapoor & Metzger,
2008; Lucey, Johnson, & Horne, 2003). Milk fat is the main fat component in processed cheese,
and although naturally occurring, it contains trans fats and saturated fats (German et al., 2009;
Parodi, 2004). Food manufacturing companies have been searching for alternatives to reduce or
eliminate trans and saturated fats in processed cheese because of the requirement by the food and
drug administration (FDA) to label trans and saturated fat content in food products (FDA, 2003).
Numerous studies have been carried out to investigate the use of vegetable oil, different protein
concentrates, as well the addition of gel particles and polymers such as starch for the production
of low-fat or low-saturated and zero-trans fat processed cheese products (Bemer, Limbaugh,
Cramer, Harper, & Maleky, 2016; Gupta & Reuter, 1992; Johnson, Kapoor, McMahon, McCoy,
& Narasimmon, 2009; McMahon, Alleyne, Fife, & Oberg, 1996; John S. Mounsey & O’Riordan,
2008a, 2008b; Pereira, Bennett, Hemar, & Campanella, 2001; Sołowiej, Cheung, & Li-Chan,
2014; Ye & Hewitt, 2009). These studies have shown that the microstructure of processed cheese
is well correlated with its rheological properties.
The microstructure of processed cheese can be considered as a polymer matrix composite, where
the protein matrix is the continuous network with fat globules as “particle fillers” (Barden,
Osborne, McMahon, & Foegeding, 2015; Green, Marshall, & Brooker, 1985; Langley & Green,
1989; Manski, Kretzers, van Brenk, van der Goot, & Boom, 2007; Yang, Rogers, Berry, &
Foegeding, 2011). Depending on the properties of the particles, they could provide advantageous
effects on the macro properties of processed cheese (van Vliet, 1988). The particle filled gel
network theory has been applied in studies aimed at understanding the rheological properties of
various model systems, especially natural cheese like Cheddar cheese (Barden et al., 2015;
Gravelle, Barbut, & Marangoni, 2015; Gravelle, Marangoni, & Barbut, 2016a; Green et al.,
1985; Langley & Green, 1989; Manski et al., 2007; McMahon et al., 1996; Rogers, McMahon,
Daubert, Berry, & Foegeding, 2010; Yang et al., 2011; Zhou & Mulvaney, 1998) and more
recently, mozzarella cheese (Thionnet, Havea, Gillies, Lad, & Golding, 2016). However, most of
the studies on particle filled gel networks have been applied industrially for reinforcing polymer
composites such as rubber and plastics (Ahmed & Jones, 1990; Lewis & Nielsen, 1970).
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In this study, model sodium caseinate based imitation cheeses are treated as particle filled gel
networks with the goal to partially or completely replace milk fat with canola oil, which mostly
contains unsaturated fats. This is combined with techniques of oleogelation and addition of
various non-fat particles without affecting the desirable properties of processed cheese. The nonfat particles used in this study are edible which makes this investigation a stride towards finding
practical and functional replacements for milk fat. These edible particles are usually incorporated
in food products to add value such as to increase dietary fiber content in yogurt and dairy
beverages, and to act as binders in meat products. These particles have characteristic
functionalities such as high water binding capacity that are advantageous for food
manufacturing. However, the use of these particles in this study is mainly for the purpose of
acting as (inert) fillers together with canola oil in the microstructure of the model cheeses,
therefore, morphological or material properties such as size and shape are more important
parameters.

7.2 Materials and methods
7.2.1 Materials
7.2.1.1 Fats, fat substitutes and edible particles
Fats such as anhydrous milk fat, AMF (control), concentrated milk fat, CMF (The Kraft Heinz
Company, USA), and canola oil, CO (purchased from the supermarket - Saporito Foods Inc.,
Canada) were used for cheese making. Other fats such as a crystal promoter, Palsgaard 6111,
P6111, palm kernel oil, PKO (Palsgaard, Denmark) and shea butter, SB (New Directions
Aromatics, Inc., USA) were blended with canola oil. For production of oleogels, ethylcellulose
(EC) 20cp (ETHOCEL STD. 20, Dow Chemical Company, USA) was used together with stearyl
alcohol–stearic acid (SOSA) (Acros organics - Fisher Scientific, USA) as described by Gravelle,
Davidovich-Pinhas, Barbut, & Marangoni (2017). Various edible particles were investigated
such as oat fiber, OF (300-58, Canadian Harvest, Canada) walnut (flour) shells, WS (-200, EcoShell, Inc., CA, USA), zein, ZN (Sigma-Aldrich, USA), microcrystalline cellulose 90 µm, MCC
90 (Acros organics – Fisher Scientific, USA), MCC 15 µm and 130 µm (Vivapur 105 and 102,
JRS Pharma, Germany) and modified food starch, MFS (Purity 87, Ingredion, USA).
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7.2.1.2

Protein and additives

Sodium caseinate (90.8% protein, Fonterra Cooperative Group, New Zealand), (tri)sodium citrate
citric acid, and potassium sorbate (Hela Spice, Canada), disodium phosphate, table salt and
cheddar cheese flavoring were used for cheese-making.
7.2.1.3 Sample Preparation
Three batches per treatment were produced following modified formulations and lab-scale
preparations from the literature (J.S. Mounsey & O’Riordan, 1999; John S. Mounsey &
O’Riordan, 2008a; Sołowiej et al., 2014). The summary of the treatments prepared is shown in
table 7.1.
7.2.1.4 Formulation
Model imitation cheeses were made with the following formulation: 48.8% water, 21% sodium
caseinate, 26% fat (AMF, CMF, canola oil, fat blends and EC oleogels), 2.18% emulsifying salts
(1.08% (tri)sodium citrate,0.62% citric acid 0.48% disodium phosphate), 1.50% sodium chloride,
0.42% Cheddar flavor (modification), 0.1% potassium sorbate. Non-fat particles were added in a
volume fraction basis at filler volume fractions, ɸf, equal to 0.01 and 0.05 (Gravelle et al., 2015,
2016a; Thionnet et al., 2016), while maintaining protein to fat, moisture, and salts ratios.
7.2.2 Procedure
The following procedure was followed for the production of model imitation cheeses. First,
sodium caseinate powder was dissolved in distilled water at room temperature using a countertop
mixer (Hobart, Canada) at speed setting 1. When particles were to be added, particles were first
dispersed in water before adding sodium caseinate. Fats were then liquefied in the oven (e.g.,
100 °C for 2 – 5 minutes) and added into the caseinate suspension. This mixture was mixed for
two minutes using the mixer before adding emulsifying salts, which is then again mixed for one
minute. After that, a water bath set at 80 °C was attached to the mixer for cooking. The mixture
of fat or oil, caseinate suspension, and salts was then homogenized at ~10 000 rpm for 10
minutes using an Ultra Turrax homogenizer (IKA, Germany). Samples were then transferred
into a plastic container with aluminum foil and kept at room temperature for at least 30 min
before storing overnight at 4 – 7 °C. Analyses were carried out after overnight storage.
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Table 7.1. Summary of fats, fat blends and particles used for model imitation cheese making.
Strategies

Fats, fat blends and particles used treatment number

1. 100% replacement

100% AMF (control)1, 100% CMF2, and 100% CO3

2. Fat stabilization and
oleogelation

5% P6111 + 95% CO4, 20% PKO + 80% CO5, 20% SB + 80% CO6,
20% AMF + 80% CO7, 5% EC + 7% SOSA (70:30) + 88% CO8; 4%
EC + 8% SOSA (70:30) + 88% CO9 (w/w)

3. Reinforcement of canola oil
100% CO + OF10,11, WS12,13, zein14,15, MCC9016,17, MCC1518,19,
made cheeses by adding
MCC13020,21, MFS22,23
particles at ɸf = 0.01 and 0.05
Total number of treatments = 23

7.2.3 Characterization of fats and particles
7.2.3.1 Solid fat content
The solid fat content (SFC) of fats and fat blends at 7 °C were determined using a Bruker mq20
Series nuclear magnetic resonance (NMR) Analyzer (Bruker, Canada). Liquefied fats and fat
blends (with the specified proportions) were placed in NMR tubes, cooled at room temperature
for 30 minutes, and were stored at 7 °C overnight before measuring SFC. Measurement was done
in triplicates and the average SFC values ± standard error of mean (SE) were reported.
7.2.3.2 Particle size
The particles were obtained from the suppliers and no additional treatments were performed
prior to use for the first part of the experiments. Particle size specifications available from the
company are reported in the result section. For the determination of the effect of particle size of
oat fiber particles on the hardness of the model cheeses, different size fractions of oat fiber were
obtained using a sieve shaker (W.S. Tyler, USA) with standard wire mesh sieves #100 (150 µm),
#200 (75 µm) and the bottom pan (<75 µm). Sizes of these three fractions were confirmed using
a mastersizer (Malvern 2000, Malvern Instruments, UK). These measurements were performed
in triplicate and are shown in Appendix C.
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7.2.3.3 Particle morphology (qualitative)
The morphology of the particles was determined using a Leica DMRXA2 microscope (Leica
Microsystems Canada Inc., Canada). A small amount of sample was placed on a glass slide and
was dispersed using a drop of deionized water, a cover slide was then placed on top of the slide.
Images were taken with a CCD camera (RETIGA 1300i, Canada) using Volocity 6.2.1 software
(PerkinElmer, Canada).
7.2.4 Characterization of the model cheeses
7.2.4.1 Microstructure
The microstructure of the model cheeses produced were determined using cryogenic scanning
electron microscopy (cryo-SEM) and confocal laser scanning microscopy (CLSM). For cryoSEM, thin slices of the samples were cut and inserted into a copper sample holder. The samples
were kept in place using a Tissue-Tek embedding medium. Plunging of the sample holder in a
liquid nitrogen slush (approximately -207 °C) then followed using an Emitech K1250x cryopreparation unit (Ashford Kent, UK). The samples were then fractured to expose the inside
structure and allowed to sublimate at -80 °C for 60 minutes to remove excess water. Samples
were then sputter coated with ~30 nm of gold and then transferred into the SEM unit, which is
kept at a temperature below -140 °C (Hitachi S-570, Japan). The electron beam of the SEM was
operated at 10kV accelerating voltage and images were captured digitally using Quartz PCI
imaging package (Quartz Imaging Corp., Canada). CLSM was performed using a confocal Leica
TCS SP2 microscope (Leica Microsystems, Germany). Thin slices of the samples were prepared
using a scalpel. Fixation then followed by submerging the slices into a 2% glutaraldehyde
solution overnight at 4 – 7 °C. The glutaraldehyde was then washed off using 0.1M phosphate
buffer (pH 7). Sample slices were then placed in the well of a welled glass slide (single
concavity) and were stained by flooding with Fast Green FCF (0.1 % w/v aqueous solution) for
coloring protein and Nile Red (0.01 % w/v in polyethylene glycol: glycerine: water solution) for
staining fat. The samples were kept submerged for 30 minutes to allow diffusion of the stains.
Using deionized water, the staining solutions were then washed off and a cover slip was placed
on top of the slide. Images were collected using a 63X oil immersion objective. The airy unit was
kept at 1 and the excitation wavelength for lasers were set at 488 nm for Nile Red, and 633 nm
for Fast Green with a triple dichroic filter (488/543/633 nm wavelength). The depth of optical
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sectioning from the surface of the sample were varied depending on the optical density of the
samples. The stacking of the channels was done using Leica LAS AF lite version (Leica
Microsystems Inc., Germany).
7.2.4.2 Mechanical properties
The evaluation of the mechanical properties of model imitation cheeses was done using a texture
profile analyzer (Model TA.XT2, Stable Micro Systems, Texture Technologies Corp., USA). A
two cycle uniaxial compression test was performed as described by Gravelle et al. (2015). Three
to four cores (10 mm height and 15 mm diameter) for each sample were obtained and were kept
inside the refrigerator (4 – 7 °C) before measurements were performed. The samples were
compressed between two parallel plates to a strain of 50% with a 30-kg load cell attachment, and
a crosshead speed fixed at 1.5 mm/s. The peak upon first compression is reported as hardness in
newton, N. Springiness, which is the ability of the sample to regain its original shape after
compression, was also determined.
7.2.4.3 Oil loss
Oil loss was determined using a filter paper test described by Campos (2013). Cores of samples
(20 mm diameter, 10 mm height) were prepared and weighed. Whatman Grade 4 filter papers
(Sigma-Aldrich, USA) were also weighed separately. The samples were then placed at the center
of the filter paper and stored at 4 – 7 °C. Empty filter papers were weighed and stored to account
for environmental effects. The filter papers were weighed after 2hr, 48 hr and 1 wk of storage (%
oil loss after 1 wk is reported) and % oil loss was determined using the following equation:
% 𝑂𝑖𝑙 𝑙𝑜𝑠𝑠 =

(HI -HJ )-(HKI - HKJ )
HJ

𝑥 100, where Wf is the final weight of the filter paper after oil

has migrated, Wi is the initial weight of the filter paper (before putting the sample), Wcf is the
final weight of the empty filter paper, and Wci is the initial weight of the empty filter paper. This
analysis was done in triplicates.
7.2.4.4 Meltability
The meltability of the model cheeses was determined using a modified Schreiber’s test (Altan,
Turhan, & Gunasekaran, 2005). Sample cores (20 mm diameter, 10 mm height) were prepared
and placed at the center of 100-mm diameter glass petri dishes. Reference templates with
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concentric circles of diameter increments by 10 mm, and lines at 45° angles was placed at the
bottom of the petri dishes facing up. The petri dishes were then covered using corresponding
glass tops and then placed in the refrigerator (4 – 7 °C) for 10 minutes. The samples were then
transferred into an oven set at 100 °C for 5 minutes. Cheese melts were allowed to cool for 30
minutes at room temperature before measuring the diameter of the spread at four different
angles. The average of these measurements was taken and meltability was then reported as %
increase in diameter from an initial diameter of 20 mm. This test was done in triplicates.
7.2.4.5 Statistical analysis
Statistical analysis was performed using GraphPad Prism v.6 (GraphPad Software Inc., USA).
An ordinary one-way ANOVA with a Tukey post-test at 95% confidence interval was performed
to determine significant differences. Graphs were also generated using GraphPad and SE is
indicated by error bars in the graphs. For simplification, for springiness, oil loss, and meltability,
a single comparison (Dunnet’s test) between the samples and the control (AMF) was performed.

7.3 Results and discussion
7.3.1 Characterization of the particles
The material properties of the fat particles and non-fat particles used in this study are
summarized in table 7.2 and figure 7.1. Fats, fat blends, and oleogels in this study are also treated
as inert particle fillers. Results of our characterization of SFC of the different fats and fat blends,
and the morphology of the non-fat edible particles, show that this study covers a broad range of
solid fat contents (~5% and ~ 45%) and particle sizes (from average 15 µm to >150 µm) (table
7.2) and shapes (from spherical and platelet-like to irregular-angular ones) (figure 7.1), which are
essential for the understanding of particle effects on the macro-properties of the model cheeses.
The surface properties of the non-fat particles (i.e., hydrophobicity or water-binding capacity),
which may be important for functionality, have not been considered in this study.
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Table 7.2. Summary of the characteristics (solid fat content, SFC and particle size) of the
particles and fats used
Fats / particles used

SFC at 7 ºC

Average particle sizes
(information from suppliers)

100%AMF (control)
100%CMF
95%CO + 5% P6111

45.17 ± 0.47
40.27 ± 0.11
4.95 ± 0.18

-

20%PKO + 80%CO
20%SB + 80% CO
20%AMF + 80% CO
OF

6.80 ± 0.24
9.34 ± 0.04
6.45 ± 0.08
-

WS

-

MCC90

-

MCC15
MCC130

-

Typical retained: 149 µm (5%); 74
µm (45%)
39.81 µm (mean diameter of volume
distribution, MV)
250 µm (<1% min.), 75 µm (>45%
min.), 32 µm (>70% min.)
15 µm
130 µm

Figure 7.1. Light microscopy images of oat fiber particles, OF (a); walnut shells, WS (b); zein
(c); microcrystalline cellulose 90 µm, MCC90 (d); microcrystalline cellulose 15 µm, MCC15 (e);
and modified food starch, MFS (f). Scale bars correspond to 100 µmm.
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7.3.2 100% substitution of AMF
To establish controls, imitation cheeses made with 100% AMF, CMF and CO were first made.
The functionality that 100% AMF provides is set as control since the main aim of the study is to
find replacements for milk fat by mimicking its properties, which is important in commercially
relevant formulations.
7.3.2.1 Microstructure of AMF, CMF and CO cheeses using Cryo-SEM

Figure 7.2. Cryo-SEM micrographs of model cheese products made with 100% anhydrous milk
fat, AMF (a); 100% concentrated milk fat, CMF (b) and 100% canola oil, CO (c).

Microstructural characterization of the model cheeses shows that we have good controls since
similar microstructures (i.e., fat globules embedded or emulsified in the protein matrix) with that
of previously studied commercial and model processed cheese products were obtained (Manski
et al., 2007; Ramel & Marangoni, 2017; A. Tamime, Kalab, Davies, & Younis, 1990; Yang et
al., 2011). With homogenization, cooking, and adding emulsifying salts, the dispersion of fat
globules was achieved. This therefore allows the consideration of the model cheeses that we have
created as particle filled gel networks where fat globules act as filler particles in a continuous
protein network (Barden et al., 2015; Ramel & Marangoni, 2017; Rogers et al., 2010; Yang et al.,
2011; Zhou & Mulvaney, 1998). Qualitative analysis of the micrographs of AMF and CMF
cheeses show a strong interface between the fat particles and the protein matrix, while oil
droplets in CO cheese have a coarse fat-protein interface. The strong interface between fat
particle fillers and the protein matrix could indicate little or no interaction between fat and
protein, however, it can also be observed that the fat globules in AMF and CMF cheeses seem to
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remain embedded after freeze-fracture while oil droplets in CO cheese are easily removed as
indicated by the presence of numerous void spaces (holes) in the micrographs. The presence of
interaction between the matrix and filler (active filler) has been shown to result in a stronger gel,
while little or no interaction between the matrix and filler results in a weaker gel (Dickinson &
Chen, 1999; van Vliet, 1988). As assumptions can only be made from the qualitative analysis of
the microstructures shown, the presence of interactions is investigated using compression tests
discussed below.
7.3.2.2 Hardness of AMF, CMF and CO cheeses

Figure 7.3. Average hardness values (newtons, N) (±SE) of model cheeses made with 100%
anhydrous milk fat (AMF), concentrated milk fat (CMF) and canola oil (CO). Same letters
indicate no significant difference at a 5% level of significance.

Figure 7.3 shows the compression strength (hardness or firmness) of model imitation cheeses
made with AMF, CMF and canola oil (CO) as the particle fillers. The differences and similarities
in the hardness values of the caseinate-based cheeses further support that the imitation cheese
products are particle filled gel networks. That is, even though these cheeses have similar
microstructures (i.e., fat or oil droplets emulsified within a continuous protein matrix), the
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differences in the properties of the particle fillers used greatly impacted their overall mechanical
properties. The similarity in the hardness of AMF (25.90 ± 2.91 N) and CMF (20.75 ± 3.15 N)
particulates could be attributed to the fact that they have comparable high solid fat contents at 7
°C (table 7.2) and that they are both particle filled networks. Milk fat globules at this temperature
could then be considered as hard spheres or rigid fillers. CO cheese (7.22 ± 0.66 N), on the other
hand, contain canola oil droplets that remain liquid at 7 °C, which could therefore be considered
as soft spheres. The reinforcing effect of solid fat globules or rigid spheres at refrigeration
temperatures on a protein matrix has been shown in natural cheese where a higher SFC increased
hardness or firmness of the cheeses while low SFC or liquid fat resulted in a decrease or no
increase in hardness (Barden et al., 2015; Lobato-Calleros, Vernon-Carter, & Hornelas-Uribe,
1998; Rogers et al., 2010; Yang et al., 2011; Zhou & Mulvaney, 1998). This reinforcement was
found to be due to the inherent hardness that milk fat possesses at refrigeration temperatures and
not because of filler-matrix interactions. These filler particles can then can be considered as inert
and serve as “breakers” in the protein matrix (Lopez, Camier, & Gassi, 2007; Michalski, Cariou,
Michel, & Garnier, 2002; Ong, Dagastine, Kentish, & Gras, 2011).
7.3.3 Oleogelation and oil stabilization
The hardness that AMF provides is the functional benchmark to be matched with the
replacement strategies being studied. Results above show the importance of SFC (i.e., the
hardness of the fat particle) to the overall hardness of the model cheese products. To be able to
mimic this property of saturated fats using canola oil, we used an oleogelator system, EC–SOSA,
and small amounts of hard fats and a crystal promoter, P6111, to immobilize canola oil or to
form a gel thus increasing the rigidity of the filler (Davidovich-Pinhas, Barbut, & Marangoni,
2016; Gravelle et al., 2017).
7.3.3.1 Microstructure of cheeses with oleogels and hard fat blends using CLSM
CLSM micrographs in figure 7.4 show that gelled and stabilized oil has been emulsified in the
protein matrix, creating a fat-particle filled gel network. It can be observed that these
microstructures are similar to each other as well as to the AMF control, CMF and CO cheeses.
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Figure 7.4. CLSM micrographs of model cheeses made with 5% ethylcellulose: 7% stearyl
alcohol-stearic acid: 88% canola oil (5EC:7SOSA) (a); and 5% palsgaard 6111 (5%P6111): 95%
canola oil (b). Oil droplets appear as red globular structures while the protein matrix appears as
the green background.
7.3.3.2 Hardness of cheeses containing gelled and stabilized oil

Figure 7.5. Average hardness (newtons, N) ±SE of model cheeses made with gelled or stabilized
canola oil (CO), using ethylcellulose: stearyl alcohol and stearic acid systems (5EC:7SOSA and
4EC:8SOSA): 88% CO; 5% palsgaard 6111 (5%P611):95% CO, 20% palm kernel oil
(20%PKO), 20% shea butter (20%SB), and 20% anhydrous milk fat (20%AMF), all added to CO
(80%). Same letters indicate no significant difference at a 5% level of significance.
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Results in figure 7.5 show that gelation of canola oil (i.e., to increase rigidity of the fillers)
results in an overall slight increase in the hardness of model cheeses relative to non-gelled oil.
However, the hardness of the AMF particles could not be achieved with these gelator systems
and concentrations. In terms of the fat blends, highly saturated fats were not added at a high
enough concentration to match the SFC of AMF (table 7.1) as it would not support one of the
goals of the current investigation which is to reduce saturated fat content.

7.3.4 Particle reinforcement with the use of edible particles
As an increase in the concentration of oil gelling agents or saturated fats is not an option for
increasing rigidity of the particles, the addition of non-fat solid edible particles was then
performed with the aim of reinforcing the model cheese made with canola oil as the lipid phase
(CO cheese). The possible water-binding by starch-based particles and other hydrocolloids may
also affect their functionality.
7.3.4.1 Microstructure of cheeses with particles using CLSM

Figure 7.6. Confocal laser scanning (CLSM) micrographs of model cheeses made with 100%
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canola oil, CO added with 0.05 ɸf oat fiber, OF (a); walnut shells, WS (b); zein (c);
microcrystalline cellulose, MCC 15 (d) and 130 µm (e); and modified food starch, MFS (f). Oil
droplets appear as red globular structures while the protein matrix appears as the green
background.

Microstructural characterization of model cheeses added with particles show emulsification of
canola oil within the protein matrix (figure 7.6). However, edible particles added cannot be
distinguished in the micrographs. It can be observed that these microstructures are like that of
samples prepared without non-fat particles.
7.3.4.2 Hardness of CO made cheeses reinforced with particles

Figure 7.7. Average hardness values (newtons, N) (±SE) of model cheeses made with canola oil,
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CO and added with different particles at 0.001 and 0.05 ɸf - oat fiber, OF; walnut shells, WS;
zein, ZN; microcrystalline cellulose 90, 15 and 130 µm, MCC90, MCC15 and MCC130;
modified food starch, MFS. Same letters indicate no significant difference at a 5% level of
significance.

Results in figure 7.7 show that the addition of particles increases the hardness of model cheeses
made with CO. Furthermore, the addition of particles at a higher volume fraction (ɸf = 0.05)
generally results in greater increase in the hardness of these cheeses which is consistent with
previous findings in the study of particle filled gel networks (Barden et al., 2015; Gravelle et al.,
2016a; Thionnet et al., 2016). In terms of particle size, the addition of smaller particles result in
increased hardness (Gravelle et al., 2015; Gravelle et al., 2016a), however this is not observed in
our current results which indicates that probably the type or nature of the particles is more
important. The increase in the hardness of the model cheeses with addition of particles, could be
due to the increase in the amount of rigid fillers in the matrix that provide reinforcement to the
matrix. It can be observed that oat fiber (OF) particles, provided the greatest increase in hardness
to the cheese made with canola oil, although it is not enough to reach the same level of hardness
as that made with 100% AMF. A factor that could have allowed OF particles to perform better
than other particles, especially at ɸf= 0.05, is the interparticulate interaction by its larger
components (table 7.2, figure D.1), which may possibly allow them to form a network by
themselves and increase hardness of cheeses greatly.

7.3.5 Springiness
Springiness is characterized as the ability of the material to recover or to go back to its original
form after compression (Kapoor & Metzger, 2008). This property of viscoelastic materials is
largely dependent on the interactions of the casein network (protein-protein, protein-water, and
protein-fat interactions) (Bachmann, 2001; Lobato-Calleros, Vernon-Carter, Guerrero-Legarreta,
Soriano-Santos, & Escalona-Beundia, 1997; Lobato-Calleros et al., 1998), however, results in
figure 7.8 show that different inert filler particles (i.e., no interactions but have different
properties) also result in slight differences in springiness.
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Figure 7.8. Average springiness values (±SE) of model cheeses. Letter (a) indicates no
significant difference with the control (AMF) at a 5% level of significance.

Results in figure 7.8 show that samples prepared using canola oil, canola oil oleogels, fat blends,
and non-fat edible particles have either similar or significantly higher springiness values than
those made with AMF and CMF. This is possibly due to the effect of having fillers that are
completely rigid or solid fat versus liquid oil. Rigid particles (such as solid fat) act as breakers in
the protein matrix, therefore, upon compression, the path length for stress transduction is
decreased (i.e., due to discontinuities in the protein network bonds) which results in overall
decrease in springiness. On the other hand, canola oil does not have a definite shape and does not
completely act as a breaker in the matrix resulting in increased springiness.
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7.3.6 % Oil loss

Figure 7.9. Average oil loss (%) (±SE) of model cheeses after one week of storage at 7 °C using
a filter paper test. Letter (a) indicates no significant difference with the control (AMF) at a 5%
level of significance.

With the addition particles, an increase in oil loss is observed, although these are not significant,
except for 0.01OF, at a 5% significance level (figure 7.9). In these samples, the particles take up
the space within the model cheese microstructure resulting in oil droplets being pushed out, or
there is less protein available for emulsification which eventually leads to destabilization of the
oil. This then causes the leakage of oil from the product, which is undesirable. In general, a
tendency toward higher degree of oil destabilization is observed when the system contains higher
volume fraction of particles (i.e., from 0.01 to 0.05), except for OF. Walnut shells, on the other
hand, have porous microstructures (figure D.2), which are probably able to absorb oil by
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capillary action within these pores, therefore resulting in decreased oil loss. Oleogelation and
stabilization of CO result in decreased or similar oil loss as that of cheese made with AMF,
because of possible immobilization of oil by the polymer or fat network (Davidovich-Pinhas et
al., 2016; Gravelle et al., 2017; Zetzl, Marangoni, & Barbut, 2012).

7.3.7 Meltability
Another important functionality of processed cheese products is their meltability. Results in
figure 7.10 show that most of the cheeses have meltabilities that are not significantly different
from the control (AMF). The decrease in the meltability of samples with added modified starch
(MFS) could be due to the gelatinization of the starch particles at higher temperatures which
have been shown to affect meltability in different systems (John S. Mounsey & O’Riordan,
2008a). Gelation of oil using 5EC:7SOSA also resulted in a decrease in meltability which may
be due to the gelation of the oil present (Davidovich-Pinhas et al., 2016; Gravelle et al., 2017).
These findings indicate that the overall meltability of model cheeses is generally dependent on
the protein network rather than the filler particles (fat) (Lucey et al., 2003; Rogers et al., 2010;
Yang et al., 2011; Zhou & Mulvaney, 1998).
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Figure 7.10. Average increase in the diameter of the cheeses (%) (±SE) using a modified
Schreiber’s test for meltability. Letter (a) indicates no significant difference with the control
(AMF) at a 5% level of significance.

2.1.

Combination of technologies for product development

From the above results, we found that the addition of hard fats increases hardness slightly and
decreases oil loss of CO cheese, and that OF at 0.05 ɸf increases hardness greatly but does not
affect other important functionalities. Model cheese samples with increased hard fat (still a
significant decrease in saturated fat by 50%) and OF particles at 0.05 ɸf were then formulated.
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Figure 7.11. Average hardness values (newtons, N) (±SE) of model cheeses made with
anhydrous milk fat (AMF), canola oil (CO), mixed AMF and CO (51%AMF49%CO), CO with
oat fiber at 0.05 ɸf (0.05OF), and mixed AMF and CO with OF at 0.05 ɸf
(51%AMF49%CO0.05OF). Same letters indicate no significant difference at a 5% level of
significance.

Results in figure 7.11 show that with 0.05 ɸf OF combined with 51%AMF 49%CO (i.e., ~50%
reduction in AMF), the same level of hardness as that of cheese made with 100% AMF was
achieved. Furthermore, other important functionalities such as springiness (0.77 ± 0.01), oil loss
(6.18 ± 0.79 %), and meltability (69.84 ± 0.13 %) were not significantly different from the
control (AMF). We have thus created a product that matches the functionality of 100% AMF
with the addition of small amounts of oat fiber.

144
7.3.8 Effect of oat fiber particle size
Particle size distributions of the sieved oat fiber particles are shown in figure D.3. The effect of
oat fiber particle size on the hardness of CO cheese is shown in figure 7.12.

Figure 7.12. Average hardness (newtons, N) (±SE) of model cheeses made with canola oil (CO)
added with oat fiber (OF) particles of different sizes at 0.001 (a) and 0.05 (b) ɸf. Same letters
indicate no significant difference at a 5% level of significance.

Results in figure 7.12a and 7.12b show that the addition of oat fiber particles with different sizes
at ɸf = 0.01 results in differences in the hardness of CO cheese. Although these differences are
not significant at ɸf = 0.01 (figure 7.12a), there is an indication that smaller particles (<75 µm)
reinforce the caseinate matrix better than bigger particles (>150 µm). With the addition of the
different sized OF particles at ɸf = 0.05 (figure 7.12b), it can be observed that smaller particles
(<75 µm) impart significantly higher (P<0.05) hardness to the CO cheese than the mid-sized
ones (75 – 150 µm), although the hardness of both are not significantly different from the nonsieved oat fiber. In previous works in the literature, the addition of fillers with smaller particle
size has been shown provide greater reinforcement to protein gels due to its interaction with
water (Gravelle et al., 2015, 2016a; Gravelle, Marangoni, & Barbut, 2016b). In the current study,
we assume that the oat fiber particles are inert and therefore they do not interact with the matrix.
Furthermore, the sizes previously studied were about 4 µm which is far smaller than the “small”
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particles being studied here. Therefore, surface effects may not be playing a role, rather, it is
possibly due to the better incorporation of smaller particles in the matrix which slightly prevents
extensive breaking of the continuous phase and improves reinforcement.

7.4 Conclusions
In this study we propose that the microstructure of processed cheese can be treated as a particle
filled gel network. With the addition of oat fiber particles at a higher volume fraction (0.05 ɸf),
the hardness of the model cheese greatly increased. The addition of smaller sized fraction (<75
µm) of oat fiber particles, although still bigger than the other particles used in the study, resulted
in better reinforcement of the matrix. Using 100% AMF-made cheese as control, we were able to
formulate, with the addition of oat fiber particles, an imitation cheese product that contains 51%
AMF and 49% canola oil which has a similar hardness, springiness, oil loss stability, and
meltability as that made with 100%AMF.

7.5 Acknowledgements
The authors would like to thank The Kraft-Heinz Company for providing AMF and CMF
(Illinois, USA). The technical support of Dr. Alexandra Smith (Food Science Dept., University
of Guelph, Canada) with Cryo-SEM and CLSM, is highly appreciated. Funding from the Ontario
Ministry of Agriculture, Food and Rural Affairs (OMAFRA) and the Natural Sciences and
Engineering Research Council of Canada (NSERC) is greatly appreciated.

7.6 References
Ahmed, S., & Jones, R. (1990). A review of particulate reinforcement theories for polymer
composites. Journal of Material Science, 25, 4933–4942.
Altan, A., Turhan, M., & Gunasekaran, S. (2005). Short communication: comparison of covered
and uncovered Schreiber test for cheese meltability evaluation. Journal of Dairy Science,
88(3), 857–861. https://doi.org/10.3168/jds.S0022-0302(05)72751-X
Bachmann, H. P. (2001). Cheese analogues: A review. International Dairy Journal, 11(4–7),
505–515. https://doi.org/10.1016/S0958-6946(01)00073-5
Barden, L. M., Osborne, J. A., McMahon, D. J., & Foegeding, E. A. (2015). Investigating the

146
filled gel model in Cheddar cheese through use of Sephadex beads. Journal of Dairy
Science, 98(3), 1502–16. https://doi.org/10.3168/jds.2014-8597
Bemer, H. L., Limbaugh, M., Cramer, E. D., Harper, W. J., & Maleky, F. (2016). Vegetable
organogels incorporation in cream cheese products. Food Research International, 85, 67–
75. https://doi.org/10.1016/j.foodres.2016.04.016
Campos, R. (2013). Experimental Methodology. In A. G. Marangoni & L. H. Wesdorp (Eds.),
Structure and properties of fat crystal networks (2nd ed., pp. 482–483). CRC Press.
Davidovich-Pinhas, M., Barbut, S., & Marangoni, A. G. (2016). Development , Characterization
, and Utilization of Food-Grade Polymer Oleogels. Annual Review of Food Science and
Technoogy, 7, 65–91. https://doi.org/10.1146/annurev-food-041715-033225
Dickinson, E., & Chen, J. (1999). Heat-Set Whey Protein Emulsion Gels: Role of Active and
Inactive Filler Particles. Journal of Dispersion Science and Technology, 20(1–2), 197–213.
https://doi.org/10.1080/01932699908943787
FDA. (2003). Food Labeling: Trans Fatty Acids in Nutrition Labeling, Nutrient Content Claims,
and Health Claims Small Entity Compliance Guide. Retrieved January 30, 2017, from
http://www.fda.gov/OHRMS/DOCKETS/98fr/03-17525.htm
German, J. B., Gibson, R. a., Krauss, R. M., Nestel, P., Lamarche, B., Van Staveren, W. a.,…
Destaillats, F. (2009). A reappraisal of the impact of dairy foods and milk fat on
cardiovascular disease risk. European Journal of Nutrition, 48(4), 191–203.
https://doi.org/10.1007/s00394-009-0002-5
Gliguem, H., Lopez, C., Michon, C., Lesieur, P., & Ollivon, M. (2011). The viscoelastic
properties of processed cheeses depend on their thermal history and fat polymorphism.
Journal of Agricultural and Food Chemistry, 59(7), 3125–3134.
https://doi.org/10.1021/jf103641f
Gravelle, A. J., Barbut, S., & Marangoni, A. G. (2015). Influence of the particle size and
interfacial interactions on the physical and mechanical properties of particle-filled
myofibrillar protein gels†. RSC Advances, 60723–60735.
https://doi.org/10.1039/C5RA07254A
Gravelle, A. J., Davidovich-Pinhas, M., Barbut, S., & Marangoni, A. G. (2017). Influencing the
crystallization behavior of binary mixtures of stearyl alcohol and stearic acid (SOSA) using
ethylcellulose. Food Research International, 91, 1–10.

147
https://doi.org/10.1016/j.foodres.2016.11.024
Gravelle, A. J., Marangoni, A. G., & Barbut, S. (2016a). Filled myofibrillar protein gels:
Improving cooking loss and texture with model filler particles. Food Structure.
https://doi.org/10.1016/j.foostr.2016.12.002
Gravelle, A. J., Marangoni, A. G., & Barbut, S. (2016b). Insight into the mechanism of
myofibrillar protein gel stability : Influencing texture and microstructure using a model
hydrophilic filler. Food Hydrocolloids, 60, 415–424.
https://doi.org/10.1016/j.foodhyd.2016.04.014
Green, M. L., Marshall, R. J., & Brooker, B. E. (1985). Instrumental and Sensory Texture
Assessment and Fracture Mechanisms of Cheddar and Cheshire Cheeses. Journal of Texture
Studies, 16(4), 351–364. https://doi.org/10.1111/j.1745-4603.1985.tb00702.x
Guinee, T. ., Caric, M., & Kalab, M. (2004). Pasteurized processed cheese and
substitute/imitation cheese products. In P. F. Fox, P. L. H. McSweeney, T. Cogan, & T. P.
Guinee (Eds.), Cheese: Chemistry, Physics and Microbiology (pp. 349–394). Elsevier Ltd.
Gupta, V. K., & Reuter, H. (1992). Processed cheese foods with added whey protein
concentrates. Le Lait, 72, 201–212. https://doi.org/10.1051/lait:1992214
Johnson, M. E., Kapoor, R., McMahon, D. J., McCoy, D. R., & Narasimmon, R. G. (2009).
Reduction of sodium and fat levels in natural and processed cheeses: Scientific and
technological aspects. Comprehensive Reviews in Food Science and Food Safety, 8(3), 252–
268. https://doi.org/10.1111/j.1541-4337.2009.00080.x
Kapoor, R., & Metzger, L. (2008). Process cheese: Scientific and technological aspects—A
review. … Reviews in Food Science and Food …, 7(2), 194–214.
https://doi.org/10.1111/j.1541-4337.2008.00040.x
Langley, K. R., & Green, M. L. (1989). Compression Strength and Fracture Properties of Model
Particulate Food Composites in Relation To Their Microstructure and Particle-Matrix
Interaction. Journal of Texture Studies, 20(2), 191–207. https://doi.org/10.1111/j.17454603.1989.tb00433.x
Lewis, T. B., & Nielsen, L. E. (1970). Dynamic Mechanical Properties of Particulate- Filled
Composites. Journal of Applied Polymer Science, 14, 1449–1471.
Lobato-Calleros, C., Vernon-Carter, E. J., Guerrero-Legarreta, I., Soriano-Santos, J., &
Escalona-Beundia, H. (1997). Use of Fat Blends in Cheese Analogs: Influence on Sensory

148
and Instrumental Textural Characteristics. Journal of Texture Studies, 28(6), 619–632.
https://doi.org/10.1111/j.1745-4603.1997.tb00142.x
Lobato-Calleros, C., Vernon-Carter, E. J., & Hornelas-Uribe, Y. (1998). Microstructure and
Texture of Cheese Analogs Containing Different Types of Fat. Journal of Texture Studies,
29(5), 569–586. https://doi.org/10.1111/j.1745-4603.1998.tb00184.x
Lopez, C., Camier, B., & Gassi, J. Y. (2007). Development of the milk fat microstructure during
the manufacture and ripening of Emmental cheese observed by confocal laser scanning
microscopy. International Dairy Journal, 17(3), 235–247.
https://doi.org/10.1016/j.idairyj.2005.12.015
Lucey, J. A., Johnson, M. E., & Horne, D. S. (2003). Invited review: Perspectives on the basis of
the rheology and texture properties of cheese. Journal of Dairy Science, 86(9), 2725–2743.
https://doi.org/10.3168/jds.S0022-0302(03)73869-7
Manski, J. M., Kretzers, I. M. J., van Brenk, S., van der Goot, A. J., & Boom, R. M. (2007).
Influence of dispersed particles on small and large deformation properties of concentrated
caseinate composites. Food Hydrocolloids, 21(1), 73–84.
https://doi.org/10.1016/j.foodhyd.2006.02.002
McMahon, D. J., Alleyne, M. C., Fife, R. L., & Oberg, C. J. (1996). Use of Fat Replacers in Low
Fat Mozzarella Cheese. Journal of Dairy Science, 79(11), 1911–1921.
https://doi.org/10.3168/jds.S0022-0302(96)76560-8
Michalski, M. C., Cariou, R., Michel, F., & Garnier, C. (2002). Native vs. Damaged Milk Fat
Globules: Membrane Properties Affect the Viscoelasticity of Milk Gels. Journal of Dairy
Science, 85(10), 2451–2461. https://doi.org/10.3168/jds.S0022-0302(02)74327-0
Mounsey, J. S., & O’Riordan, E. D. (1999). Empirical and Dynamic Rheological Data
Correlation to Characterize Melt Characteristics of Imitation Cheese. Journal of Food
Science, 64, 701–703. https://doi.org/10.1111/j.1365-2621.1999.tb15114.x
Mounsey, J. S., & O’Riordan, E. D. (2008a). Characteristics of imitation cheese containing
native or modified rice starches. Food Hydrocolloids, 22(6), 1160–1169.
https://doi.org/10.1016/j.foodhyd.2007.06.014
Mounsey, J. S., & O’Riordan, E. D. (2008b). Influence of pre-gelatinised maize starch on the
rheology, microstructure and processing of imitation cheese. Journal of Food Engineering,
84(1), 57–64. https://doi.org/10.1016/j.jfoodeng.2007.04.017

149
O’Riordan, E. D., Duggan, E., O’Sullivan, M., & Noronha, N. (2011). Production of Analogue
Cheeses. In A. Tamime (Ed.), Processed Cheese and Analogues (First, pp. 219–244).
Blackwell Publishing. https://doi.org/10.1002/9781444341850.ch9
Ong, L., Dagastine, R. R., Kentish, S. E., & Gras, S. L. (2011). Microstructure of milk gel and
cheese curd observed using cryo scanning electron microscopy and confocal microscopy.
LWT - Food Science and Technology, 44(5), 1291–1302.
https://doi.org/10.1016/j.lwt.2010.12.026
Parodi, P. W. (2004). Milk fat in human nutrition. Australian Journal of Dairy Technology,
59(1), 3–59. https://doi.org/10.1007/0-387-28813-9_2
Pereira, R. B., Bennett, R. J., Hemar, Y., & Campanella, O. H. (2001). Rheological and
microstructural characteristics of model processed cheese analogues. Journal of Texture
Studies, 32(5–6), 349–373. https://doi.org/10.1111/j.1745-4603.2001.tb01242.x
Ramel, P. R., & Marangoni, A. G. (2017). Characterization of the polymorphism of milk fat
within processed cheese products. Food Structure, 12, 15–25.
https://doi.org/10.1016/j.foostr.2017.03.001
Rogers, N. R., McMahon, D. J., Daubert, C. R., Berry, T. K., & Foegeding, E. A. (2010).
Rheological properties and microstructure of Cheddar cheese made with different fat
contents. Journal of Dairy Science, 93(10), 4565–76. https://doi.org/10.3168/jds.2010-3494
Sołowiej, B., Cheung, I. W. Y., & Li-Chan, E. C. Y. (2014). Texture, rheology and meltability of
processed cheese analogues prepared using rennet or acid casein with or without added
whey proteins. International Dairy Journal, 37(2), 87–94.
https://doi.org/10.1016/j.idairyj.2014.03.003
Tamime, A., Kalab, M., Davies, G., & Younis, M. F. (1990). Microstructure and firmness of
processed cheese manufactured from Cheddar cheese and skim milk powder cheese base.
Food Structure, 9(1), 23–37.
Tamime, A. Y. (2011). Processed Cheese and Analogues: An Overview. In A. Tamime (Ed.),
Processed Cheese and Analogues (1st ed., pp. 1–24). Blackwell Publishing.
https://doi.org/10.1002/9781444341850
Thionnet, O., Havea, P., Gillies, G., Lad, M., & Golding, M. (2016). Influence of the Volume
Fraction, Size and Surface Coating of Hard Spheres on the Microstructure and Rheological
Properties of Model Mozzarella Cheese. Food Biophysics. https://doi.org/10.1007/s11483-

150
016-9460-5
van Vliet, T. (1988). Rheological properties of filled gels. Influence of filler matrix interaction.
Colloid & Polymer Science, 266(6), 518–524. https://doi.org/10.1007/BF01420762
Yang, X., Rogers, N. R., Berry, T. K., & Foegeding, E. A. (2011). Modeling the rheological
properties of cheddar cheese with different fat contents at various temperatures. Journal of
Texture Studies, 42(5), 331–348. https://doi.org/10.1111/j.1745-4603.2011.00283.x
Ye, A., & Hewitt, S. (2009). Phase structures impact the rheological properties of rennet-caseinbased imitation cheese containing starch. Food Hydrocolloids, 23(3), 867–873.
https://doi.org/10.1016/j.foodhyd.2008.05.004
Zetzl, A. K., Marangoni, A. G., & Barbut, S. (2012). Mechanical properties of ethylcellulose
oleogels and their potential for saturated fat reduction in frankfurters. Food & Function,
3(3), 327. https://doi.org/10.1039/c2fo10202a
Zhou, N., & Mulvaney, S. J. (1998). The Effect of Milk Fat, the Ratio of Casein to Water, and
Temperature on the Viscoelastic Properties of Rennet Casein Gels. Journal of Dairy
Science, 81(10), 2561–2571. https://doi.org/10.3168/jds.S0022-0302(98)75813-8

151

Chapter 8. Characterization of the rheological and thermomechanical
properties of particle-filled model imitation cheese
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Abstract
In this study we investigated the mechanisms involved in the reinforcement of the protein matrix
by oat fiber particles in a model imitation cheese made with canola oil instead of milk fat by
performing dynamic rheological tests. With the addition of oat fiber particles at 5% volume
fraction to the canola oil made cheese, the hardness of the cheeses increased due to the increase
in rigid fillers in the matrix. Oat fiber particles also acted as “breakers” in the matrix (like solid
milk fat), that allows for yielding at lower strain values, which in turn can be correlated with less
rubbery properties of the cheese. The possible interactions between oat fiber and canola oil
resulted in a similar melting behavior of the cheese made with canola oil to that of cheese made
with milk fat. These results indicate that the addition of oat fiber particles to canola oil made
cheese results in similar rheological behavior with that of milk fat, which in turn, results in
similar percievable macro-properties such as similar level of firmness and melting behavior.

8.1 Introduction
The rheological properties of processed cheese and analogues have been shown to be affected by
various factors such as properties of the natural cheese, moisture content, type and concentration
of protein and fat additives, pH, type and ratio of emulsifying salts, other added ingredients, and
various processing conditions such as cooking time and temperature (Guinee, 2011; Gupta et al.,
1984; Gupta and Reuter, 1992; Joshi et al., 2004; Lee et al., 2004, 2003; Marchesseau et al.,
1997; Mounsey and O’Riordan, 2008a; Pereira et al., 2001; Savello et al., 1989; Sołowiej et al.,
2014). The rheological properties of processed cheese, as it relates to product texture and
mechanical properties, in turn, affect product stability and acceptability by consumers (Gupta et
al., 1984; Marshall, 1990). It is therefore important to consider the rheological properties of
processed cheese when designing a new product or substituting a major ingredient in an existing
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product. In our previous study, we showed that the addition of oat fiber particles to processed
cheese made with canola oil instead of milk fat results in reinforcement of the protein matrix
(Ramel and Marangoni, unpublished data). However, mechanisms involved in such
reinforcement have not been fully investigated.
Processed cheese can be treated as a particle filled gel network where fat globules appear as
“particles” embedded or dispersed in a continuous protein network (Barden et al., 2015; Manski
et al., 2007; Ramel and Marangoni, 2017; Thionnet et al., 2016; Yang et al., 2011). The
properties of the filler particle and the interaction between the protein network and fillers
dominate the viscoelastic properties of the processed cheese product (Barden et al., 2015;
Dickinson and Chen, 1999; Andrew J. Gravelle et al., 2016; van Vliet, 1988). For example, an
active filler, usually due to its surface properties, interacts with the protein matrix which results
in matrix reinforcement or a stronger gel; while an inactive filler, which has little or no
interaction with the matrix results in a weaker gel (Barden et al., 2015; Dickinson, 2012;
Dickinson and Chen, 1999; van Vliet, 1988). Other factors such as particle volume fraction and
size of the particle fillers have also been shown to affect the overall mechanical properties of the
cheese (Barden et al., 2015; Andrew J Gravelle et al., 2016; Manski et al., 2007; Thionnet et al.,
2016; Yang et al., 2011).
The fractal nature of caseinate or protein gels can be explained by the fact that a continuous
network is formed from the aggregation of protein particles forming flocs and clusters that
further aggregate to form even larger structures (Bremer et al., 1989; Ikeda et al., 1999; Shih et
al., 1990). The overall rheological properties of the protein network are therefore dependent on
the size of the protein clusters, which in turn is a function of the spatial distribution of mass
within the cluster, as well as the strength of interactions between protein primary particles and
flocs. This inter-particle crosslinking has been shown to be affected by the surface properties and
surface area (i.e., available for interaction) of the protein particles (Bremer et al., 1989; Ikeda et
al., 1999; Marangoni et al., 2000; Mellema et al., 2002; Shih et al., 1990).
The goal of the current study is to examine possible mechanisms for the observed functionalities
provided by a non-fat particle (oat fiber) in a model imitation cheese product using rheological
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analysis. The results of the study could provide insights into other strategies that can be used to
replace saturated and trans fats in processed cheese or other food products, without affecting
product quality.

8.2 Materials and methods
The materials and methods used for making imitation cheese is based on our previous work
(Ramel and Marangoni, unpublished data).
8.2.1 Materials
The main protein used was sodium caseinate (90.8% protein, Fonterra Cooperative Group, New
Zealand) while anhydrous milk fat, AMF (Kraft Heinz, USA) and canola oil, CO (from the
supermarket) were used as lipid phases. Emulsifying salts added were sodium citrate, citric acid
(Hela Spice, Canada), and disodium phosphate. Oat fiber particles, OF (300-58, Canadian
Harvest, Canada), table salt, cheddar cheese flavoring, and preservative potassium sorbate (Hela
Spice, Canada) were also added.
8.2.2 Imitation cheese making
The cheese-making procedure followed in this study is based on the modified formulation and
lab-scale processing used in the literature (Mounsey and O’Riordan, 2008b; Sołowiej et al.,
2014). Sodium caseinate (21%) was gradually dissolved in water (48.8%) at room temperature
(~21 °C) using a counter-top mixer (Hobart, Canada) at speed setting 1. Next, liquefied fat (e.g.,
100 °C for 2 – 5 minutes, AMF or CO at 26%) was added to the casein suspension. Mixing was
done for two minutes before adding emulsifying salts (2.18% [1.08% (tri)sodium citrate,0.62%
citric acid 0.48% disodium phosphate]), salt (1.50%), cheddar flavoring (0.42%), and potassium
sorbate (0.1%). This mixture was mixed for one minute. Cooking was performed by attaching a
water bath set at 80 °C to the mixer and homogenizing the mixture at ~10 000 rpm for 10
minutes using an Ultra Turrax homogenizer (IKA, Germany). Samples were then placed in a
plastic container with aluminum foil and kept at room temperature for 30 minutes. After that, the
samples were stored at 4 – 7 °C for at least 24 hours before analyses. For samples with oat fiber
particles, oat fiber was first dispersed (i.e., at 5 % volume fraction, ɸf = 0.05) in water before
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adding sodium caseinate. Protein to water, protein to fat, and protein to salts ratios were
maintained throughout the samples. Three batches per sample were produced. For samples where
fat was removed, the ratio of protein to moisture, and salts were also maintained. A summary of
the samples prepared is shown in table 8.1.
Table 8.1. Summary of the samples prepared for investigating the rheological properties of
particle-filled model imitation cheese
Sample name
AMF
CO
0.05FCO
0.05FNF
NF

Description
Anhydrous milk fat (AMF) was used as the lipid phase (26%)
Canola oil (CO) was used as the lipid phase (26%)
Oat fiber was added to cheese at 5% volume fraction, ɸf = 0.05. Canola oil
was used as the lipid phase (26%)
Oat fiber was added to cheese at ɸf = 0.05. No fat was added. Protein to
moisture, and salts ratios were maintained
No fat or oat fiber was added. Protein to moisture, and salts ratios were
maintained

8.2.3 Sample preparation
Samples for rheological measurements were prepared using a core borer (20 mm) to obtain
cylinders of the samples. The samples were then cut to a thickness of 5 mm using a knife. The
samples were then kept at refrigeration temperatures (4–7 °C) for at least 30 minutes (for
stabilization) before analysis. At least three cores per batch for each sample were obtained.
8.2.4 Small amplitude oscillatory dynamic rheology in the linear region (SAOS)
Dynamic oscillatory measurements were performed using a Physica MCR 302 (Anton Paar,
Austria) rheometer equipped with true strain control. Plate–plate geometry (20 mm), sandblasted
to minimize slippage, was used for all measurements. Normal force, FN (gap setting) was kept at
0.1 – 0.5 N to ensure that there is continuous contact between the sample and the plates.
Temperature was set and controlled using Peltier controls located in the lower plate and the hood
of the rheometer. Frequency sweeps were conducted from 0.01 to 100 Hz at a constant strain, g
of 0.1% and temperature of 7 °C using single samples from each batch (three measures per
sample). Amplitude sweeps were then conducted from g = 0.001% to 10000% at a constant
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angular frequency, with w of 1 Hz and temperature of 7 °C (three measures per batch or nine
measures). Amplitude sweeps were also conducted at 45 °C for samples containing fat (nine
measures per sample). Temperature ramps were also performed on all samples from 7 to 100 °C
at a constant g =0.1% and w =1 Hz (LVR determined at 45 and 80 °C), FN was programmed to
adjust from 0.1–0.5N to ensure that the probe is in contact with the sample upon melting at
higher temperatures (nine measures). Storage and loss moduli (G' and G"), and loss tangent (d)
outputs were obtained using the Rheocompass software (Anton Paar, Austria).
8.2.5 Large amplitude oscillatory shear (LAOS)
The non-linear behavior of viscoelastic materials at large amplitudes (LAOS) is usually
observed above a critical strain or when the G′ or G″ is not a function of the strain applied.
Pipkin diagrams containing Lissajous–Bowditch (strain – stress response) plots were
performed to interpret data obtained from LAOS. Since a constant frequency was used for the
amplitude sweeps, sample type is plotted on the abscissa and increasing strain on the ordinate.
Linear behavior is characterized by a closed ellipse while an increasing area of the ellipse
indicates loss of linear behavior (Ewoldt et al., 2008; Macias-Rodriguez and Marangoni, 2016;
Melito et al., 2013).
8.2.6 Statistical analysis and graph making
Statistical and first derivative analysis were performed using GraphPad Prism v.6 (GraphPad
Software Inc., USA). An ordinary one-way ANOVA with a Tukey post-test at 95% confidence
interval was performed to determine significant differences. For taking the first derivative (single
graph) in figure 8.5, 2nd order smoothing was performed (4 neighbors).

8.3 Results and discussion
The linear viscoelastic properties of the model imitation cheese products were determined by
SAOS with the aim of explaining how oat fiber particles at ɸf = 0.05 combined with canola oil
provide similar functionalities as that of AMF in processed cheese.
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8.3.1 Frequency sweeps
The frequency dependencies of the samples were first determined at 0.01 to 100 Hz, at g =0.1%
which is within the LVR. Log-log frequency sweeps at 7 °C in figure 8.1 show that in all
samples, regardless of the presence or type of filler, G¢ and G² increases slightly as frequency
increases, while the relative difference between G¢ and G² is maintained. This weak frequency
dependence is expected for weak gels such as processed cheese. Taking the slope of the log G¢ –
log ω plot to determine the power law that describes frequency dependence, n, (from the relation
G¢~ωn), similar values were obtained for all the samples, with a global average (± standard
deviation) of 0.17 ± 0.01 (Faber et al., 2017; Zhou and Mulvaney, 1998). This behavior of
increasing G¢ and G² with frequency at a controlled temperature agrees with those found in the
literature (Pereira et al., 2001; Rogers et al., 2010; Ye and Hewitt, 2009). Differences between
the magnitude of the G¢ and G² of the different samples are discussed below.

Figure 8.1. Frequency, w (Hz) sweep at a constant stain, g of 0.1 % and temperature of 7 °C, of
model imitation cheese products made with anhydrous milk fat (AMF), canola oil (CO), canola
oil with 5 % (ɸf) oat fiber (0.05FCO), 5 % (ɸf) oat fiber with no fat (0.05FNF) and cheese with
no fat or oat fiber, i.e., protein only (NF).
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8.3.2 Amplitude sweeps
After characterizing frequency dependence, we then performed amplitude sweeps from small to
large amplitudes to determine G¢ and G² responses towards increasing strain (%), using w = 1Hz
(LVR) at 7 °C. Figure 8.2 shows amplitude sweeps of the different imitation cheese products. It
can be observed that in all samples, G¢ and G² remain constant at lower strains, demonstrating
the existence of a LVR. After a critical strain is reached, however, G¢ and G² start to decrease
which is the onset of non-linear behavior. This strain can be described as the yield point (critical
strain), gy, which we determined as the strain corresponding to a 5 % decrease in G¢ from its
initial, G¢0, value(G¢/ G¢0 = 0.95) (Dinkgreve et al., 2016; Macias-Rodriguez and Marangoni,
2016; Marangoni and Rogers, 2003). It can be observed that differences exist in the G¢o and gy
values of the samples which may provide insights into their macro-functionalities. These values
are summarized in table 8.2.

Figure 8.2. Amplitude sweep at a constant frequency, w of 1Hz and temperature of 7 °C of
model imitation cheese products made with anhydrous milk fat (AMF), canola oil (CO), canola
oil with 5 % (ɸf) oat fiber (0.05FCO), 5 % (ɸf) oat fiber with no fat (0.05FNF), and cheese with
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no fat or oat fiber, i.e., protein only (NF). Storage, G¢ (a) and loss, G² (b) moduli outputs are
plotted against strain, g (%).

The storage modulus, G¢, has been reported to be correlated to the firmness of a material (Drake
et al., 1999; Kapoor and Metzger, 2008). The caseinate matrix containing AMF has the highest
G¢o, which indicates that AMF globules provide reinforcement to the cheese matrix against
compression, as also evidenced by the fact that the protein alone (NF sample) had a lower initial
G¢o value (Figure 8.2, table 8.2). The observed reinforcement provided by AMF can be attributed
to the fact that AMF is solid at refrigeration temperatures. AMF globules therefore act as rigid
solid spheres that strengthen the cheese matrix against a compression force, which is in contrast
with canola oil which remains liquid at low temperatures and therefore does not provide any
reinforcement (similar G¢o with that of protein only) (Barden et al., 2015; Lobato-Calleros et al.,
1997; Yang et al., 2011). With the addition of oat fiber to cheese with and without canola oil
(0.05FCO and 0.05FNF, respectively), it can be observed that the G¢o of the cheeses increased to
almost a similar level to that of AMF cheese. This therefore indicates that the oat fiber particles
at 5% volume fraction, by themselves, also act as rigid particles that reinforce the protein matrix
with and without canola oil.
In terms of the strain at limit of linearity, gy, it can be observed that the CO and NF samples yield
at higher strain levels than AMF, 0.05FCO, 0.05FNF cheese samples. gy indicates the onset of
flow (Barden et al., 2015; Dinkgreve et al., 2016; Macias-Rodriguez and Marangoni, 2016;
Marangoni and Rogers, 2003). The protein matrix is continuous when no fat, especially solid
fat, is embedded within the protein matrix. On the other hand, fat dispersed within the protein
matrix, especially solid AMF, breaks the continuity of the protein network which causes the
imitation cheese to yield at a much lower strain levels than the sample without fat (Dickinson
and Hong, 1995; McClements et al., 1993; Yang et al., 2011). This behavior was also observed
in samples with 5% oat fiber (0.05FCO and 0.05FNF). This could be because oat fiber particles
are also rigid particles and they act as breakers in the matrix. It is worth noting that the canola
cheese, yields at an even higher level than that of the NF cheese, which indicates that dispersion
of oil (liquid particles) does not seem to affect the protein matrix as much as when solid fat (rigid
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particles) is incorporated within the matrix. This is possibly because liquid particles (canola oil)
do not affect the cross-linking between proteins as much as when rigid particles are present. A
closer look at strain-stress response of the samples at larger amplitudes (LAOS) is shown in
figure 8.3.

Table 8.2. Average (± standard error of mean) initial storage moduli (G¢o) and yield strain (gy) of
model imitation cheese products.
Sample

G¢o (x104) Pa1

AMF
5.50 ± 0.62a*
CO
1.84 ± 0.20b
0.05FCO
4.90 ± 0.24a
0.05FNF
4.47 ± 0.38a
NF
1.68 ± 0.23b
1
G¢o taken at approximately g = 0.007 or 0.01% (LVR)
2

gy (%)2
0.64 ± 0.07a
7.03 ± 0.55b
1.07 ± 0.17a
0.59 ± 0.03a
4.65 ± 0.16c

gy defined as the strain at which G¢/ G¢0 = 0.95, estimated by drawing vertical lines on the graph

of G¢/ G¢o (y-axis) and strain, g (x-axis).
*

Same letters indicate no significant difference at a 0.05 significance level
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Figure 8.3. Pipkin diagram containing Lissajous-Bowditch curves showing strain – stress
response from performing amplitude sweep at a constant frequency, w of 1Hz, and temperature
of 7 °C of model imitation cheese products made with anhydrous milk fat (AMF), canola oil
(CO), canola oil with 5% (ɸf) oat fiber (0.05FCO), 5% (ɸf) oat fiber with no fat (0.05FNF), and
cheese with no fat or oat fiber, i.e., protein only (NF).

Closed ellipse Lissajous-Bowditch curves in figure 8.3 indicate linear (solid-like) behavior while
increasing areas of this curve (transformation into a square-like pattern) indicates loss of solidlike behavior (Ewoldt et al., 2008; Hyun et al., 2011; Macias-Rodriguez and Marangoni, 2016;
Melito et al., 2013). It can be observed that all samples showed similar closed ellipse curves at g
= 0.1 and 1%, indicating they were in the LVR. At g = 6.4 %, the ellipse of AMF cheese has
opened-up with a larger area than the other samples, indicating a greater extent of non-linear
behavior. This opening-up of the curve was also observed in the 0.05FCO sample, followed by
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0.05FNF, and to a lesser extent CO. The NF sample, on the other hand, remained in the LVR
until over g = 25.3 % (i.e., 101.0 %). At about g = 10.1 % the AMF cheese sample shows
complete opening-up of the curve, followed by the 0.05FCO sample at g = 25.3 %. On the other
hand, the 0.05FNF and CO samples show similar smaller areas (i.e., smaller than AMF and
0.05FCO) at g = 25.3 %. The dissymmetry in the Lissajous-Bowditch curves at higher
amplitudes (i.e., 25.3 and 101.0 % strains) could indicate slippage of the sample. In terms of the
strains applied, the behavior of the cheeses under large deformations can be well correlated with
their oral processing characteristics, although rheological tests were performed at 7 °C (Faber et
al., 2017; Melito et al., 2013).
As we relate these rheological behaviors to the macro-functionalities of the imitation cheese
products, it can be noted that the use of AMF, and the addition of oat fiber particles provide
reinforcement to the cheese matrix against a compression force, and therefore increase the
firmness of the cheese products (Faber et al., 2017). However, these fillers also cause breaks in
the microstructure which results in a lower gy. Yielding can be well correlated to the
spreadability (or rubberiness as antonym) of cheese. A longer LVR (higher yield strain) therefore
may indicate that the cheese product has become rubbery (Faber et al., 2017), as that of the CO
and NF samples. These observed functionalities of model imitation cheeses at 7 °C may also
have an impact on other important functionalities of processed cheese products such as
meltability.

8.3.3 Temperature ramps
The meltability of the model imitation cheese products was studied by performing temperature
ramps at a constant strain of 0.1% and a frequency of 1Hz.
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Figure 8.4. Temperature ramp at a constant strain, g of 0.1 % and frequency, w of 1Hz, of model
imitation cheese products made with anhydrous milk fat (AMF), canola oil (CO), canola oil with
5% (ɸf) oat fiber (0.05OF), 5% (ɸf) oat fiber with no fat (OFNF), and cheese with no fat or oat
fiber, i.e., protein only (NoFat). Storage, G¢ (a) and loss, G² (b) moduli outputs are plotted
against temperature (°C).
Results in figure 8.4 show that for all samples, except 0.05FNF, G¢ and G² decreases as the
temperature is increased. However, differences can be observed in the melting behavior of the
samples. For the AMF cheese sample, it can be observed that G¢ greatly decreased as the
temperature reached about 40 °C, which is close to the final melting temperature of AMF. This
softening can therefore be attributed to the melting of fat, which is not observed in CO cheese
(Lucey et al., 2003; Zhou and Mulvaney, 1998). At about 60 °C, protein starts to melt as
evidenced by a further decrease in G¢ and G² in the AMF cheese sample. This melting behavior
of AMF cheese is similar to that of 0.05FCO, although the initial large decrease before 40 °C
was not observed. This similar behavior can be attributed to that the fact that both AMF and oat

163
fiber particles (0.05FCO) provide breaks in the protein network causing the matrix to spread
more extensively as the temperature is increased. However, this melting behavior was not
observed when canola oil was not present (i.e., different behavior of 0.05FNF sample). This
therefore indicates a possible interaction between canola oil and oat fiber in the 0.05FCO sample
that allows the cheese to melt in the same fashion as the AMF cheese. In the 0.05FNF sample,
due to the high water binding capacity of oat fiber (and without interaction with canola oil), most
of the water may have become unavailable for the melting or denaturation of proteins, resulting
in an increase in G¢ and G² instead of a great decrease that is usually observed for cheeses made
with milk fat (Lee et al., 2004; Zhou and Mulvaney, 1998). This water binding is not observed in
0.05FCO cheese sample because oat fiber possibly interacts with oil and water is kept available
for protein denaturation. In the CO sample, a large decrease in G¢ is not observed possibly
because liquid oil does not provide a break in the microstructure as solid fat does (Figure 8.3).
Furthermore, the initial increase in temperature could have forced the canola oil droplets to
coalesce and migrate to the surface of the processed cheese, which in turn may have provided
lubrication between the sample and the probe. This was not observed in the 0.05FCO sample as
the oil was possibly kept in place by the oat fiber particles. The sample with no fat or oat fiber
(NF) showed an initial decrease in G¢ and G² at about 60 °C, however, an increase or recovery is
observed at about 70 °C, which could be due to the loss of moisture as the system is being
heated, making it very viscous at higher temperatures. These results then indicate that fat or oil is
important for the lubrication, and extensive spreading of the protein network.
Taking the first derivative of G¢ and temperature from the temperature ramp shown in figure 8.4,
the differences in the decrease in G¢ between samples can be observed better (Figure 8.5).
Results in figure 8.5 support our findings, namely that for the AMF cheese sample, the large
decrease of G¢ as the temperature approaches 40 – 45 °C can be correlated to the melting of milk
fat, which was not observed in CO, NF and 0.05FNF cheese samples. A slight decrease was also
observed in 0.05FCO although this did not coincide with the pattern observed for the AMF
cheese. It can be further noted that for the AMF and 0.05FCO cheese samples, two well defined
peaks in G¢ , while for the NF sample, only one peak was observed, and for the CO sample, the
decrease pattern is less well defined. The 0.05FNF sample, on the other hand, showed a great
increase in G¢ which correlated very well with our findings above. The similarities in the
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decreasing G¢ peaks of AMF and 0.05FCO cheese samples thus indicate that these samples
exhibit similar melting properties.

Figure 8.5. First derivative of the storage modulus, G¢ and temperature, from temperature ramp
in figure 8.4, performed at a constant strain, g of 0.1 % and frequency, w of 1Hz, of model
imitation cheese products made with (a) anhydrous milk fat (AMF), canola oil (CO), canola oil
with 5% (ɸf) oat fiber (0.05OF), cheese with no fat or oat fiber, i.e., protein only (NF) and (b)
cheese with 5% (ɸf) oat fiber with no fat (0.05FNF). Arrow in figure 8.5a indicates 40 °C.

Another important indicator of the meltability of processed cheese products is the loss tangent,
tand, which takes the ratio of the loss to the storage modulus, G²/ G¢ (Lucey et al., 2003;
Marchesseau et al., 1997; Mounsey and O’Riordan, 1999; Sołowiej et al., 2014). tand ³ 1
indicates then that the viscous properties of the sample dominate the rheological behavior, and
therefore the sample is less solid like. As can be observed in figure 8.6, the shape of the curve is
a good indicator of the melting behavior of the imitation cheese products. Results in figure 8.6
agree with our findings in the temperature ramp experiment, where AMF cheese and 0.05FCO
samples show similar melting behavior, where tand values gradually increase (greater than 1 at
higher temperatures) as the temperature increases, while the NF and 0.05FNF samples show an
initial increase in tand (at about 60 °C) that then decreases to ~0.5 at higher temperatures. This
behavior can then be correlated to a loss of moisture as the cheese products are heated, and that
fat or oil is important for the lubrication and spreading of the protein network. On the other hand,
CO cheese does not show values of tand>1 even at high temperatures.
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Figure 8.6. Average loss tangent (tand) at increasing temperature (°C), constant strain, g of 0.1
%, and frequency, w of 1Hz, of model imitation cheese products made with (a) anhydrous milk
fat (AMF), (b) canola oil (CO), (c) canola oil with 5% (ɸf) oat fiber (0.05FCO), (d) 5% (ɸf) oat
fiber with no fat (0.05FNF), and (e) cheese with no fat or oat fiber, i.e., protein only (NF). Error
bars indicate standard deviation from nine measurements.

8.4 Conclusions
The addition of oat fiber at ɸf = 5% to cheese with and without canola oil results in the
reinforcement of the protein matrix. Oat fiber particles also act as breakers in the microstructure
of the imitation cheese resulting in the yielding of the matrix at a lower strain. During melting,
the possible interaction between canola oil and oat fiber in 0.05FCO cheese could have allowed
melting of the cheese in the same way as that made with AMF. Without fat (0.05FNF), oat fiber
could possibly bind water, decreasing water availability for the denaturation and eventual
spreading or melting of proteins. These results indicate that oat fiber particles added to canola oil
made cheese can be used as a strategy for replacing AMF in processed cheese products.

166

8.5 Acknowledgements
The authors would like to thank The Kraft Heinz Company (Illinois, USA) for providing AMF,
the Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA, Canada) for funding
and Dr. Braulio Macias-Rodriguez (University of Guelph, Canada) for sharing his expertise in
rheology.

8.6 References
Barden, L.M., Osborne, J.A., McMahon, D.J., Foegeding, E.A., 2015. Investigating the filled gel
model in Cheddar cheese through use of Sephadex beads. J. Dairy Sci. 98, 1502–16.
doi:10.3168/jds.2014-8597
Bremer, L.G.B., van Vliet, T., Walstra, P., 1989. Theoretical and Experimental Study of the
Fractal Nature of the Structure of Casein Gels. J. Chem. Soc., Faraday Trans. 1 85, 3359–
3372.
Dickinson, E., 2012. Emulsion gels : The structuring of soft solids with protein-stabilized oil
droplets. Food Hydrocoll. 28, 224–241. doi:10.1016/j.foodhyd.2011.12.017
Dickinson, E., Chen, J., 1999. Heat-Set Whey Protein Emulsion Gels: Role of Active and
Inactive Filler Particles. J. Dispers. Sci. Technol. 20, 197–213.
doi:10.1080/01932699908943787
Dickinson, E., Hong, S.-T., 1995. Influence of Water-Soluble Nonionic Emulsifier on the
Rheology of Heat-Set Protein-Stabilized Emulsion Gels. J. Agric. Food Chem. 43, 2560–
2566. doi:10.1021/jf00058a002
Dinkgreve, M., Paredes, J., Denn, M.M., Bonn, D., 2016. On different ways of measuring “ the ”
yield stress. J. Nonnewton. Fluid Mech. 238, 233–241. doi:10.1016/j.jnnfm.2016.11.001
Drake, M.A., Gerard, P.D., Truong, V.D., Daubert, C.R., 1999. Relationship Between
Instrumental and Sensory Measurements of Cheese Texture. J. Texture Stud. 30, 451–476.
doi:10.1111/j.1745-4603.1999.tb00237.x
Ewoldt, R.H., Hosoi, A.E., McKinley, G.H., 2008. New measures for characterizing nonlinear
viscoelasticity in large amplitude oscillatory shear. J. Rheol. (N. Y. N. Y). 52, 1427–1458.
doi:10.1122/1.2970095
Faber, T.J., Breemen, L.C.A. Van, Mckinley, G.H., 2017. From firm to fluid - Structure-texture

167
relations of filled gels probed under Large Amplitude Oscillatory Shear. J. Food Eng. 210,
1–18. doi:10.1016/j.jfoodeng.2017.03.028
Gravelle, A.J., Marangoni, A.G., Barbut, S., 2016. Filled myofibrillar protein gels: Improving
cooking loss and texture with model filler particles. Food Struct.
doi:10.1016/j.foostr.2016.12.002
Gravelle, A.J., Marangoni, A.G., Barbut, S., 2016. Insight into the mechanism of myofibrillar
protein gel stability : Influencing texture and microstructure using a model hydrophilic
filler. Food Hydrocoll. 60, 415–424. doi:10.1016/j.foodhyd.2016.04.014
Guinee, T.P., 2011. Effects of Natural Cheese Characteristics and Processing Conditions on
Rheology and texture: The Functionality of Cheese Components in the Manufacture of
Processed Cheese, in: Tamime, A. (Ed.), Processed Cheese and Analogues. Blackwell
Publishing, pp. 81–109. doi:10.1002/9781444341850.ch3
Gupta, S.K., Karahadian, C., Lindsay, R.C., 1984. Effect of Emulsifier Salts on Textural and
Flavor Properties of Processed Cheeses. J. Dairy Sci. 67, 764–778. doi:10.3168/jds.S00220302(84)81367-3
Gupta, V.K., Reuter, H., 1992. Processed cheese foods with added whey protein concentrates.
Lait 72, 201–212. doi:10.1051/lait:1992214
Hyun, K., Wilhelm, M., Klein, C.O., Soo, K., Gun, J., Hyun, K., Jong, S., Ewoldt, R.H.,
Mckinley, G.H., 2011. A review of nonlinear oscillatory shear tests : Analysis and
application of large amplitude oscillatory shear ( LAOS ). Prog. Polym. Sci. 36, 1697–1753.
doi:10.1016/j.progpolymsci.2011.02.002
Ikeda, S., Foegeding, E.A., Hagiwara, T., 1999. Rheological Study on the Fractal Nature of the
Protein Gel. Langmuir 15, 8584–8589.
Joshi, N.S., Jhala, R.P., Muthukumarappan, K., Acharya, M.R., Mistry, V. V., 2004. Textural
and Rheological Properties of Processed Cheese. Int. J. Food Prop. 7, 519–530.
doi:10.1081/JFP-200032962
Kapoor, R., Metzger, L., 2008. Process cheese: Scientific and technological aspects—A review.
… Rev. Food Sci. Food … 7, 194–214. doi:10.1111/j.1541-4337.2008.00040.x
Lee, S.K., Anema, S., Klostermeyer, H., 2004. The influence of moisture content on the
rheological properties of processed cheese spreads. Int. J. Food Sci. Technol. 39, 763–771.
doi:10.1111/j.1365-2621.2004.00842.x

168
Lee, S.K., Buwalda, R.J., Euston, S.R., Foegeding, E. a., McKenna, a. B., 2003. Changes in the
rheology and microstructure of processed cheese during cooking. Leb. Technol. 36, 339–
345. doi:10.1016/S0023-6438(03)00012-4
Lobato-Calleros, C., Vernon-Carter, E.J., Guerrero-Legarreta, I., Soriano-Santos, J., EscalonaBeundia, H., 1997. Use of Fat Blends in Cheese Analogs: Influence on Sensory and
Instrumental Textural Characteristics. J. Texture Stud. 28, 619–632. doi:10.1111/j.17454603.1997.tb00142.x
Lucey, J.A., Johnson, M.E., Horne, D.S., 2003. Invited review: Perspectives on the basis of the
rheology and texture properties of cheese. J. Dairy Sci. 86, 2725–2743.
doi:10.3168/jds.S0022-0302(03)73869-7
Macias-Rodriguez, B., Marangoni, A.G., 2016. Rheological characterization of triglyceride
shortenings. Rheol. Acta 55, 767–779. doi:10.1007/s00397-016-0951-6
Manski, J.M., Kretzers, I.M.J., van Brenk, S., van der Goot, A.J., Boom, R.M., 2007. Influence
of dispersed particles on small and large deformation properties of concentrated caseinate
composites. Food Hydrocoll. 21, 73–84. doi:10.1016/j.foodhyd.2006.02.002
Marangoni, A.G., Barbut, S., McGauley, S.E., Marcone, M., Narine, S.S., 2000. On the structure
of particulate gels - The case of salt-induced cold gelation of heat-denatured whey protein
isolate. Food Hydrocoll. 14, 61–74. doi:10.1016/S0268-005X(99)00046-6
Marangoni, A.G., Rogers, M.A., 2003. Structural basis for the yield stress in plastic disperse
systems. Appl. Phys. Lett. 82, 3239–3241. doi:10.1063/1.1576502
Marchesseau, S., Gastaldi, E., Lagaude, A., Cuq, J.-L., 1997. Influence of pH on Protein
Interactions and Microstructure of Process Cheese. J. Dairy Sci. 80, 1483–1489.
doi:10.3168/jds.S0022-0302(97)76076-4
Marshall, R.J., 1990. Composition, structure, rheological properties, and sensory texture of
processed cheese analogues. J. Sci. Food Agric. 50, 237–252. doi:10.1002/jsfa.2740500211
McClements, D.J., Monahan, F.J., Kinsella, J.E., 1993. Effect of Emulsion Droplets on the
Rheology of Whey Protein Isolate Gels. J. Texture Stud. 24, 411–422. doi:10.1111/j.17454603.1993.tb00051.x
Melito, H.S., Daubert, C.R., Foegeding, E.A., 2013. Relationships between nonlinear
viscoelastic behavior and rheological, sensory and oral processing behavior of commercial
cheese. J. Texture Stud. 44, 253–288. doi:10.1111/jtxs.12021

169
Mellema, M., van Opheusden, J.H.J., van Vliet, T., 2002. Categorization of rheological scaling
models for particle gels applied to casein gels. J. Rheol. (N. Y. N. Y). 46, 11.
doi:10.1122/1.1423311
Mounsey, J.S., O’Riordan, E.D., 2008a. Influence of pre-gelatinised maize starch on the
rheology, microstructure and processing of imitation cheese. J. Food Eng. 84, 57–64.
doi:10.1016/j.jfoodeng.2007.04.017
Mounsey, J.S., O’Riordan, E.D., 2008b. Characteristics of imitation cheese containing native or
modified rice starches. Food Hydrocoll. 22, 1160–1169. doi:10.1016/j.foodhyd.2007.06.014
Mounsey, J.S., O’Riordan, E.D., 1999. Empirical and Dynamic Rheological Data Correlation to
Characterize Melt Characteristics of Imitation Cheese. J. Food Sci. 64, 701–703.
doi:10.1111/j.1365-2621.1999.tb15114.x
Pereira, R.B., Bennett, R.J., Hemar, Y., Campanella, O.H., 2001. Rheological and
microstructural characteristics of model processed cheese analogues. J. Texture Stud. 32,
349–373. doi:10.1111/j.1745-4603.2001.tb01242.x
Ramel, P.R., Marangoni, A.G., 2017. Characterization of the polymorphism of milk fat within
processed cheese products. Food Struct. 12, 15–25. doi:10.1016/j.foostr.2017.03.001
Rogers, N.R., McMahon, D.J., Daubert, C.R., Berry, T.K., Foegeding, E.A., 2010. Rheological
properties and microstructure of Cheddar cheese made with different fat contents. J. Dairy
Sci. 93, 4565–76. doi:10.3168/jds.2010-3494
Savello, P.A., Ernstrom, C.A., Kalab, M., 1989. Microstructure and Meltability of Model Process
Cheese Made with Rennet and Acid Casein. J. Dairy Sci. 72, 1–11. doi:10.3168/jds.S00220302(89)79073-1
Shih, W., Shih, W.Y., Kim, S., Liu, J., Aksay, I.A., 1990. Scaling behavior of the elastic
properties of colloidal gels. Phys. Rev. A 42, 4772–4779.
Sołowiej, B., Cheung, I.W.Y., Li-Chan, E.C.Y., 2014. Texture, rheology and meltability of
processed cheese analogues prepared using rennet or acid casein with or without added
whey proteins. Int. Dairy J. 37, 87–94. doi:10.1016/j.idairyj.2014.03.003
Thionnet, O., Havea, P., Gillies, G., Lad, M., Golding, M., 2016. Influence of the Volume
Fraction, Size and Surface Coating of Hard Spheres on the Microstructure and Rheological
Properties of Model Mozzarella Cheese. Food Biophys. doi:10.1007/s11483-016-9460-5
van Vliet, T., 1988. Rheological properties of filled gels. Influence of filler matrix interaction.

170
Colloid Polym. Sci. 266, 518–524. doi:10.1007/BF01420762
Yang, X., Rogers, N.R., Berry, T.K., Foegeding, E.A., 2011. Modeling the rheological properties
of cheddar cheese with different fat contents at various temperatures. J. Texture Stud. 42,
331–348. doi:10.1111/j.1745-4603.2011.00283.x
Ye, A., Hewitt, S., 2009. Phase structures impact the rheological properties of rennet-caseinbased imitation cheese containing starch. Food Hydrocoll. 23, 867–873.
doi:10.1016/j.foodhyd.2008.05.004
Zhou, N., Mulvaney, S.J., 1998. The Effect of Milk Fat, the Ratio of Casein to Water, and
Temperature on the Viscoelastic Properties of Rennet Casein Gels. J. Dairy Sci. 81, 2561–
2571. doi:10.3168/jds.S0022-0302(98)75813-8

171

Chapter 9. Overall conclusion and future work
9.1 Overall conclusion
In this work, we showed that the replacement of milk fat in processed cheese products can be
carried out in a systematic way. That is, first, characterize the structure of milk fat in bulk or as it
is and within processed cheese. Then, from the results of these characterization steps and using
model cheese systems, provide strategies for the effective replacement of milk fat in processed
cheese products.
With milk fat crystal structure in bulk, the nanoscale structure of milk fat was characterized and
a concentration temperature map for the engineering of the microstructure of milk fat was
generated. At the nanostructure level, using combined techniques of cryogenic transmission
electron microscopy (cryo-TEM) and ultra-small angle X-ray scattering – small angle X-ray
scattering (USAXS-SAXS), we confirmed the existence of smooth crystalline nanoplatelets
(CNPs), which are the primary crystals that make-up larger structures of milk fat. These CNPs
have dimensions of 600–900 nm ´ 200–300 nm ´27 nm (length ´ width ´ thickness). Using the
Unified fit and Guinier-Porod models, the properties of these CNPs were described. CNPs from
milk fat are characterized with smooth surfaces and average sizes of 130 nm. Further aggregation
of these CNPs result in scatterers with average sizes of 1.14 µm, and an internal structure arising
from reaction limited cluster-cluster aggregation (RLCA). At the microstructure level, using
polarized light microscopy (PLM) and characterizing the crystallization kinetics of binary and
ternary mixtures of milk fat fractions using the Avrami model, we showed that there is a good
correlation between the calculated Avrami exponent, n, and the milk fat microstructures formed.
It was found that high undercooling conditions (5º C) result in increasing supersaturation and
decreasing Avrami exponent, n, which indicates the formation of rod or needle-like crystals
(one-dimensional growth). On the other hand, low undercooling conditions (15–20º C) result in
decreasing supersaturation and increasing n, which indicates multi-dimensional crystal growth.
In terms of milk fat fraction concentration, the crystallization of mixtures of high melting (HMF)
and middle melting (MMF) fractions led to the formation of small rods or needles, especially at
low temperatures (5º C). Furthermore, at 15 and 20º C, higher concentrations of HMF resulted in
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the formation of large needles, while higher concentrations of MMF (i.e., lower HMF) led to the
formation of large spherulites.
These structural characterizations have provided a better understanding of the functionality of
milk fat and opportunities for the improvement of products containing milk fat. The
nanostructure of triacylglycerol crystal networks has been greatly correlated with the rheological
behavior of fats. Furthermore, the engineering of the microstructure of milk fat will allow the
development of targeted functionalities for specific food applications.
In the study of the polymorphism of milk fat within commercial processed cheese products, we
found that milk fat dispersed as globules within the protein matrix increases the ratio of the β
polymorph to the β' form. Using a model sodium caseinate based imitation cheese product, we
found that the formation of the most stable crystal polymorph of milk fat (b form) in processed
cheese products is due to the confinement of triacylglycerols in a solid matrix which could have
forced triacylglcyerols in milk fat to arrange themselves in the most compact or stable form.
The characterization of milk fat crystal structure within a food matrix shows that the effects of
different food components, as well as dispersion state of milk fat need to be taken into
consideration, especially when the functionality and quality of the finished product is dependent
on milk fat polymorphism.
The microstructure of processed cheese products was greatly correlated with its rheological
properties. Results of our experiment showed that the microstructure of processed cheese can be
treated as a particle filled gel network where the fat globules appear as particle fillers in a
continuous protein network. With the replacement of milk fat with canola oil and addition of
various edible particles, we found that the type of the particles rather than size affects the
mechanical properties of model cheeses. Oat fiber particles added at a volume fraction, ɸf = 0.05
was found to have the greatest effect on the hardness of the model cheese made with canola oil
due to oat fiber inter-particle interaction or aggregation. This interaction prevented further
increase in oil loss and did not affect the meltability of the model cheese. Using rheological tests,
we found that the addition of rigid particles such as oat fiber increases the strength of the matrix
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against compression force. However, as these particles are inert, they act as breakers in the
microstructure which allows for the melting of the cheese in a similar behavior as that made with
milk fat. We were then able to formulate a product that has a better nutritional profile and lower
cost, and is more sustainable (canola oil) with similar hardness, oil stability and meltability than
that made with milk fat.

9.2 Future work
This is the first research project directed at fully characterizing the nanoscale structure of milk
fat, to correlate milk fat microstructure with calculated Avrami values, to study in full the crystal
structure of milk fat within a food matrix, and to use edible particles in the application of the
particle filled gel network theory on processed cheese products. New fundamental and practical
insights have been gained, although, additional work needs to be done to extend the applications
of our results.
With the understanding of the nanostructure of milk fat, work needs to be done to study the
effect of different processing conditions and composition on properties of milk fat CNPs,
especially the rheological behavior. Such research has been conducted in other triacylglycerol
systems; however, milk fat is relatively very complex and is more commonly used in food
applications, and therefore, being able to manipulate the nanostructure of milk fat for better
functionality will help in improving the quality of food products.
In terms of microstructure engineering, we were able to visualize the different microstructures of
milk fat formed from the manipulation of the composition of its fractions and crystallization
temperature; however, we were not able to correlate these microstructures with certain
functionalities or physical properties of milk fat that could be helpful for designing new and
improved products.
The above is also true for the work on the characterization of the crystal structure of milk fat
within processed cheese. Work needs to be done to correlate milk fat polymorphism with the
overall properties of processed cheese such as melting properties or hardness (i.e., which quality
of processed cheese products is affected when there is only β' vs that with b polymorph).
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Lastly, in terms of replacing milk fat with canola oil and oat fiber particles, the next obvious step
would be to carry out sensory evaluation using commercially relevant formulations as this will
provide a better insight into how the fat replacement design compare to that made with milk fat.
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Appendix A.

Supplementary material for Chapter 3

Table A.1. Average retention time (min) and the amount (%) of triacylglycerols (TAGs)
identified in milk fat and crystalline nanoplatelets (CNPs)
Average retention
time (min)

Milk Fat

5.011
5.136
5.593
5.782
6.155
6.327
6.546
6.776
6.999
7.237
7.508
7.768
8.046
8.357
8.698
9.005
9.384
9.742
10.128
10.491
10.984
11.453
11.906
12.368
12.942
13.567
14.059
14.679
15.372
16.053
16.745
17.534
18.382
19.251

1.83
1.64
3.05
2.25
2.32
2.92
3.10
1.17
2.82
4.46
4.17
1.79
3.00
3.16
2.94
2.2
3.11
1.89
2.08
2.82
3.43
1.69
2.21
3.44
3.51
2.23
3.07
4.18
3.10
2.40
3.94
4.30
2.54
1.06

%Amount
Crystalline
nanoplatelets
(CNPs)
0.25
1.17
0.17
0.63
4.23
0.13
0.83
2.39
11.28
0.94
2.37
7.13
17.87
1.61

Triacylglycerol (TAG)
identification1
LaOBu
MMBu/PLaBu
BuOM/MMCp
PMBu
BuOO
MOCp
PMCp + POBu
PPBu + SMBu
OOLe
POLe
PPLe
POM
PPM
OOO
POO
PPO
PPP
SOO
POS
PPS
-
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20.042
21.020
22.095
23.158
24.212
25.260
26.638

1.71
2.44
1.21
0.38
0.47

2.54
7.03
20.24
1.04
1.57
2.35
11.87

SOS
PSS
SSS
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Appendix B.

Supplementary material for Chapter 5

Table B.1 Composition and ingredients list of the commercial processed cheese products studied
Sample
code

Composition (amount/
serving size * 100)

Ingredients list from the label

Fat

Protein

Carb

USA PCL

14%

14%

11%

CAD PCL

17%

13%

13%

USA CRC

32%

7%

7%

pasteurized milk and cream, whey protein
concentrate, salt, carob bean gum, xanthan
gum, cheese culture

CAD CRC

30%

7%

7%

milk ingredients, salt, bacterial culture, carob
bean gum, sorbic acid

USA PCSS

21%

19%

10%

milk, cheddar cheese (milk, cheese culture,
salt, enzymes), whey, milk protein
concentrate, milkfat, sodium citrate, less than
2% calcium phosphate, modified food starch,
whey protein concentrate, salt, lactic acid,
annatto and paprika extract, natamycin,
enzymes, cheese culture, vitamin D3

milk, whey, skim milk, milk protein
concentrate, water, milk fat, whey protein
concentrate, sodium phosphate, modified
food starch, less than 2% salt, calcium
phosphate, dried corn syrup, canola oil,
maltodextrin, lactic acid , sorbic acid, sodium
alginate, sodium citrate, cheese culture,
enzymes, apocarotenal and annatto
modified milk ingredients, water, cheese
(modified milk ingredients, bacterial culture,
salt, calcium chloride, lipase, microbial
enzyme), corn maltodextrin, salt, sodium
phosphates, sodium alginate, cellulose gum,
lactic acid, sorbic acid, color. May contain
carrageenan, sodium citrate, calcium
phosphate, ground mustard and spice
(A025N)
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CAD
PCSS1

18%

16%

11%

modified milk ingredients, water, cheese
(milk, modified milk ingredients, bacterial
culture, salt, microbial enzyme, calcium
chloride, color, lipase), corn maltodextrin,
salt, sodium citrate, sodium phophates,
carrageenan, lactic acid, sorbic acid, cellulose
gum, citric acid, color. May contain sodium
alginate, mustard, and seasoning

CAD
PCSS2

16%

18%

11%

CAD
PCSS3

16%

16%

11%

CAD
PCSS4

14%

19%

19%

modified milk ingredients, water, glucose,
cheese (milk, modified milk ingredients,
bacterial culture, salt, rennet and/or microbial
enzyme, calcium chloride, color, lipase,
sorbic acid), sodium citrate and/or sodium
phophate, salt, carrageenan, sorbic acid, soy
lecithin, color, citric acid. May contain
carboxymethylcellulose, acetic acid, lactic
acid
modified milk ingredients, water, glucose,
cheese (milk, modified milk ingredients,
bacterial culture, salt, rennet and/or microbial
enzyme, calcium chloride, natural color,
sorbic acid, lipase), sodium citrate and/or
sodium phophate, salt, carrageenan, sorbic
acid, soya lecithin, natural color, citric acid.
May contain carboxymethylcellulose, acetic
acid, lactic acid
cheese (milk, modified milk ingredients,
bacterial culture, salt, calcium chloride,
rennet and/or microbial enzyme, lipase,
color), modified milk ingredients, water,
glucose, sodium citrate and/or sodium
phophate, salt, potassium sorbate, citric acid,
white vinegar may be present, color, soy
lecithin
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Appendix C. Supplementary material for Chapter 6

Figure C.1. Frequency distribution (%) of the diameter (µm) of anhydrous milk fat (AMF)
droplets, obtained from the image analysis of cryogenic scanning electron micrographs (cryoSEM) of a model AMF cheese sample. Four micrographs were analyzed and 42 measurements
were made.
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Appendix D. Supplementary material for Chapter 7

Figure D.1. Scanning electron (SEM) micrograph of oat fiber (OF) particles.

Figure D.2. Scanning electron (SEM) micrograph of walnut shells (WS).
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Figure D.3. Particle size distribution of sieved oat fiber particles.

