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ABSTRACT

The scope of the current work was to explain the importance of emulsifying salts, natural
cheese (type and maturity degree) and selected technological properties during processed
cheese production. Firstly, principles of emulsifying salts action in the system or processed
cheese were described. The work was focused on phosphate- and citrate-based emulsifying
salts. The role of solely applied phosphates and citrate (sodium salts) also was discussed.
Additionally, more complicated systems consisted of binary and ternary mixtures of phosphate
and/or citrate emulsifying salts were also described. Moreover, in the habilitation thesis are
described basic/general natural cheese-making processing steps. In addition, selected natural
cheese varieties (Edam, Mozzarella, Swiss-type, Cheddar and white brined cheeses,
respectively), specific producing steps and their typical characteristics are presented, since these
varieties are among the most applicable cheese types during the industrial production of
processed cheese. Furthermore, the impact of natural cheese maturity degree (or in other words
its intact casein content) on the resultant processed cheese properties (mainly textural and
rheological characteristics) is also mentioned. On the whole, the effect of divergent cheese
varieties on the above-mentioned properties of processed cheese is also described. Furthermore,
the impact of selected target processing parameters (dry matter content, fat in dry matter
content) and specific technological characteristics (melting temperature, holding time, speed of
agitation) on processed cheese properties was discussed. On the whole, the habilitation thesis
aimed to summarize the existing knowledge in the field of characteristics of raw materials for
the production of processed cheeses, production technology of these products and factors
influencing the consistency (a parameter described mainly by textural and rheological
properties) of processed cheeses. Based on the results of the current thesis, it is possible to
provide a more comprehensive point of view of the importance of the composition of a mixture
of raw ingredients (including natural cheese, emulsifying salts — phosphates and/or citrates) and
processing parameters in influencing the textural and rheological properties of processed
cheeses.



ABSTRAKT

Zamérem této prace bylo vysvétlit vyznam tavicich soli, ptirodniho syra (druh a stupen
zralosti) a vybranych technologickych parametrii pii vyrobé tavené¢ho syra. Byly popsany
principy pusobeni tavicich soli at’ jiz v modelovém systému mléka, tak v realné matrici
taveného syra. Prace byla cilena na tavici soli na bazi fosfore¢nant a citronanti. Diskutovana
byla také role samostatné¢ aplikovanych sodnych soli fosforecnanti a citronanti. Dale byly
citronanovych tavicich soli. V habilitaéni praci jsou déle popsany obecné kroky vyroby
piirodniho syra. Kromé toho byly v textu pfedstaveny vybrané¢ druhy pfirodnich syra
(konkrétn¢ Edam, Mozzarella, syr §vycarského typu, ¢edar a bilé syry zrajici v solném nalevu),
specifické kroky vyroby a jejich typické vlastnosti. Dale byl zminén dopad stupné zralosti
ptirodniho syra, nebo jinymi slovy obsahu intaktniho kaseinu, na vysledné vlastnosti taveného
syra (zejména texturni a reologické vlastnosti). Byl také popséan vliv odlisnych druhi syr na
vySe uvedené vlastnosti taveného syra. Dale byl diskutovan vliv vybranych cilovych procesnich
parametri (obsah suSiny, obsah tuku v su$in€) a specifické technologické charakteristiky
(teplota taveni, doba vydrZe tavici teploty a rychlost michani taveniny v pribéhu taviciho
procesu) na vlastnosti taveného syra. Habilita¢ni prace jako celek méla za cil shrnout dosavadni
znalosti v oblasti charakteristiky surovin, technologie vyroby a faktort ovliviyjicich
konzistenci tavenych syrt (parametr popsany zejména texturnimi a reologickymi vlastnostmi).
Vysledky této prace poskytuji komplexnéjsi pohled na dilezitost slozeni smési surovin (véetné
ptirodniho syra, vybéru tavicich soli — fosfore¢nanil a/nebo citronantl) a procesnich parametrt,
tedy faktori, které mohou nasledné¢ vyznamné ovlivnit texturni a reologické vlastnosti
kone¢nych vyrobki, tavenych syru.
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Introduction

The term “processed cheese” characterizes a dairy product produced by heating a mixture
of various cheese types/varieties of different degrees of maturity in the presence of appropriate
emulsifying salts (mostly sodium phosphate, polyphosphates, citrates and/or their
combinations), usually under reduced pressure (vacuum) with constant stirring, commonly in
the temperature range of 90 — 100 °C, until a smooth and homogenous compact mass is formed
with desired textural and organoleptic properties. Optional dairy (butter, anhydrous milk fat,
skim milk powder, whey powder, coprecipitates, caseinates, etc.) and non-dairy (water,
vegetables, spices, flavorings, colorings, salt, hydrocolloids, preservatives, etc.) ingredients can
be added into the blend (Guinee et al., 2004; Kapoor & Metzger, 2008). The discontinuous
production of processed cheeses includes the following steps: (i) determining the composition
of ingredients (with respect to the desired parameters of the final product); (ii) placing the
determined amounts of ingredients and additives into the melting equipment and the actual
melting process is run (at a usual temperature of 85 to 105 °C with a holding time of several
minutes); and (iii) packaging in different materials (Guinee et al., 2004; Mizuno & Lucey,
2007). Furthermore, emulsifying salts play a key-role during the manufacturing of processed
cheese. In particular, they possess the ability to sequester calcium from the casein matrix by
exchanging sodium ions, which results in the conversion of insoluble calcium paracaseinate
into the more soluble sodium paracaseinate (Guinee et al., 2004; Kapoor & Metzger, 2008).
Thus, within the matrix sodium paracaseinate acts as a “true” emulsifier at the oil-in-water
interface. The control and stabilization of the pH level and an influence on the formation of a
final structure after cooling are some of the additional effects of emulsifying salts (Dimitreli &
Thomareis, 2009; EI-Barky et al., 2011; Guinee et al., 2004). Nevertheless, not all emulsifying
salts have the same calcium ion-exchange ability. The phosphate ion-exchange ability increases
with increasing P20s content in the following order: monophosphate < diphosphate <
triphosphate < polyphosphate (Burika et al., 2013, Guinee et al., 2004; Shirashoji et al., 2006).
In addition, El-Bakry et al. (2011) and Mizuno & Lucey (2005) stated that trisodium citrate
presents better calcium chelating ability and casein peptization properties than do sodium
mono- and diphosphates. Furthermore, the consistency of processed cheese can be influenced
by many factors, including the following: (i) raw material composition — the type and chemical
profile of the natural cheese applied (dry-matter, fat, protein, and calcium ion contents, and
maturity degree), composition and concentration of emulsifying salts, addition of other optional
dairy and non-dairy ingredients and also the pH of the mass to be melted; and (ii) processing
and storage conditions — agitation speed, target melting temperature and holding time, cooling
rate and also storage temperature. Nowadays, hydrocolloids, regularly are applied during the
production of processed cheese, are important components affecting the consistency of
processed cheese (Dimitreli & Thomareis, 2007; Shirashoji, et al., 2006).
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1. Current state of the examined topic

1.1 Processed cheese characteristics, production and trends

1.1.1 Historical background

Natural cheese varieties/types are known and appreciated as a valuable food component
since ancient Roman times (more than 2,000 years ago). Processed cheese could be
characterized as a “new-born” dairy product, originating in the 20™" century. Moreover, the idea
of processed cheese was though based on natural cheese (Tamine, 2011). The production of
processed cheese started in Europe and might be dated near to the early 1890s. It may be
proposed, that the concept (or idea) of processed cheese originated from the search of new
strategies for a more “sophisticated” manufacture technique of cheese, in order to extend the
shelf-life of natural cheese, by-passing traditional preservation methods (including air-drying
or smoking techniques). Likewise, another possible reason could be the desire to develop a new
dairy product characterized by milder taste and more stable structure (Tamine, 2007; 2011).
According to Guinee et al. (2004) the idea of processed cheese stemmed from a typical Swiss
traditional dish, called “Fondue”. For the preparation of which natural cheese is melted
(together with the application of heat) in the presence of wine, in which tartrate from the wine
provided an emulsifying effect. However, Jan Hendrikzoon was the first who established a
thermal treatment for canned Gouda-cheese in 1899 (Kammerlehner, 2012). In addition, the
Swiss researchers Walter Gerber and Fritz Stettler closely followed traditional fondue
preparation and, after several experiments with tartaric acid, added sodium citrate prior to heat-
processing of the shredded raw material (natural cheese) to achieve a stable but modified final
product (Tamine, 2011). Industrial production of processed cheese began in Europe and the
USA between 1910 and 1920. The first processed cheese was developed by the Swiss scientists
mentioned earlier; Walter Gerber and Fritz Stettler in Thun, Switzerland (1911). At this certain
production attempt, natural Emmentaler cheese was applied in order to produce a heat-treated
cheese (known as “Schachtelkdse’) by the addition of sodium citrate (as an emulsifying salt).
Nearly at the same time period in the USA (1917), independently, James Lewis Kraft, an
entrepreneur, inventor and industrialist started working with pieces of Cheddar cheese, citrates
and monophosphates. Hence, in 1916, he published a patent describing the method of heating
cheese and its emulsification in the presence of alkaline salts. However, these early attempts
were of limited success in order to manufacture a good-quality processed cheese. The process
became widespread by the 1930s, due to the appearance of polyphosphate emulsifying salts on
the world market (Fox, 2000; Hui, 2005; Tamine, 2007; 2011; Zerfiridis, 2001).
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1.1.2 Processed cheese classification

Processed cheese is a multicomponent dairy complex matrix also described as stable oil-
in-water emulsion/system (Chen & Liu, 2012; Hanaei et al., 2015; Lee et al., 2004). In a
physicochemical point of view, processed cheese could be characterized as a dispersion of fat
droplets in a concentrated, gelled protein network (Hasenhuetl & Hartel, 2008). Therefore, the
multilateralism of the above-mentioned system (processed cheese) derives from the fact that it
can contain plethora of interacting components and relatively high amount of water content
(Marchesseau et al., 1997). Thus, the processed cheese matrix can be formed by blending
shredded natural cheese (of different types/varieties and maturity degrees) in the presence of
appropriate amount and type of emulsifying salts (mainly sodium salts of phosphates,
polyphosphates and/or citrates), under partial vacuum, constant stirring and upon heat
treatment; resulting in the constitution of a homogeneous and smooth mass with desired
functional and organoleptic properties (Buika, et al., 2009; Guinee, 2011; Sadlikova et al.,
2010; Zerfiridis, 2001). Additionally, the application of heat during the processing can
inactivate starter culture microorganisms and other bacteria, including also enzymes, all present
in the natural cheese applied; resulting in the shelf-life extension of the final product (Tamine,
2007; 2011).

However, there is no specific European Union legislation on processed cheese. For a more
complete oversight on the legislation of processed cheese and related products within the
European Union, it is necessary to look at a selection of Member States. In addition, processed
cheese according to international standards is grouped by the following characteristics:
composition, water content and consistency. According to these characteristics, exist three main
categories (mainly in the USA): processed cheese blocks, processed cheese foods and processed
cheese spreads. Moreover, additional subcategories can be processed cheese slices and smoked
processed cheese (Tamine, 2007; 2011). Furthermore, according to the decree 397/2016
Collection of Laws, edited by the Czech Ministry of Agriculture, defining the requirements for
milk and milk products, ice creams and edible fats and oils, processed cheese (taveny syr —in
Czech) is defined as a dairy product which was thermally treated in the presence of emulsifying
salts and at least 51 % (w/w) of the dry matter content of processed cheese shall originate from
natural cheese. In addition, if the product contains more than 5 % (w/w) of lactose, must be
designated as processed cheese product (taveny syrovy vyrobek — in Czech).
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1.1.3 Manufacture principles and steps in processed cheese manufacture

In general, processed cheese production protocol is characterized by complexity and thus,
itis primarily influenced by the chemical interactions occurring between the applied ingredients
of dairy origin and the emulsifying salts utilized. On the contrary, the principal technological
operations of processed cheese manufacture are rather characterized as “simple”; however, they
require skillful and professional handling in order to control all the used ingredients, their
concentrations in the blend and processing parameters/conditions.

The basic theory of processed cheese manufacture is based on the change of the state of
casein protein from the coarsely dispersed calcium-paracaseinate which is present in the natural
cheese, due to application of heat, stirring and the presence of particular salts (as
emulsifying/peptizing agents), into a homogeneous free-flowing condition (the sol state) with
desired functional and organoleptic properties.

The basic technological steps for processed cheese production could be summarized by
the following operations:

. natural cheese/cheeses selection,
" formulation of the blend,

] blending,

" shredding,

" emulsifying salts addition,

" processing (thermal treatment),
. packaging,

. cooling,

. storage of the final product.

Moreover, in a simplified point of view, the principles of processed cheese manufacture
could be described by two stages/phases. During the first stage/phase, present caseins are
liberated and dispersed, by the action of emulsifying salts and then could serve as “true”
emulsifiers. This phase is also known by the term “ion-exchange phenomenon”. During the
second stage/phase, the new developed protein network is established, in which the proteins are
hydrated and the fat is emulsified. This phase is also known as the “creaming phase”.

In addition, the release of caseins is caused by the action of emulsifying salts, during
which the ion-exchange phenomenon occurs. Polyvalent anions (especially phosphates,
polyphosphates and citrates) and monovalent cations (especially sodium, but in some cases also
potassium and/or aluminum) are applied as emulsifying salts. Multivalent anions have more
intensive affinity to bivalent ions (in the case of processed cheese are calcium ions) in
comparison to monovalent ions. Therefore, when e.g. sodium salt of phosphate is added into
the mixture of the raw materials, in the presence of sufficient amount of water, under heat
treatment and agitation, the ion-exchange of calcium to sodium ions will occur. Moreover, the
insoluble calcium paracasein (from the natural cheese protein network) is transformed into the
more soluble sodium paracasein and the latter might be dispersed in the processed cheese melt.
Therefore, the dispersed proteins (caseins) within the system could effectively act as
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emulsifiers. In particular, the first role of emulsifying salts is to adjust the environment of the
raw materials mixture in a manner that the caseins will enhance their emulsifying properties.
Hence, this attribute is defined as the “main role” of emulsifying salts (Cari¢ et al., 1985; Guinee
et al., 2004; Kapoor & Metzger, 2008; Kawasaki, 2008; Mclintyre, et al., 2017; Mizuno &
Lucey, 2005a; 2005b; Shirashoji et al., 2006; Templeton & Sommer, 1936).

Furthermore, emulsifying salts (salts of phosphates, polyphosphates and citrates) are
sometimes labelled as emulsifiers (substances presenting surface activity). However, this is not
the exact (or correct) definition because these substances do not have an amphiphilic character.
In general, the term emulsifying salts/agents, is the most appropriate for use (Caric et al., 1985;
Guinee et al., 2004).

Moreover, during processing (so called also “melting” process) under heat treatment (90
— 100 °C) and mechanical stirring in the presence of water, polyvalent anions (especially
phosphates) start binding onto the caseins via calcium ions resulting in the incensement of the
hydrophilic character of the proteins. Caseins possess the ability to bind water and caseins
modified in the above-mentioned way are more effective in terms of binding water. In addition,
parallel, the fat is emulsified by dispersed caseins and partially by the residues of original
lipoprotein membranes (covered fat droplets before processing). Caseins with bonded
phosphates have more intensive negative charge leading to their dispersion. Generally, the
addition of emulsifying salts can also increase the pH value from approximately 5.0 — 5.5 (in
the mixture of the raw materials) to the target values which are in the range of 5.6 — 6.0 (typical
for spread-type processed cheese), something which is also supported by the raising of caseins
negative charge. These phenomena (proteins hydration and fat emulsification) cause the
increase of viscosity in the resultant melt. Additionally, during holding time (generally a
process lasting several minutes) under a target melting temperature and during the cooling of
the hot melt, the new structure is established — the new hydrated protein network is developed,
in which the fat is emulsified. The above-mentioned processes are named as the “creaming”
process. There are many interactions, which participate in the process of the final network
structure formation and thus, supporting creaming (new calcium bridges, phosphates-calcium
complexes, hydrophobic interactions, hydrogen bonds and/or disulfide bonds are taking place).
The establishment of the new protein network can be observed as the intensive increase of melt
viscosity (Awad et al., 2004; Berger et al., 2002; Bowland & Foegeding, 2001; Burka et al.,
2013; Hoffmann, 2012; Fu et al., 2018; Kalliapan & Lucey, 2011; Kapoor et al., 2007; Kapoor
& Metzger, 2008; Kawasaki, 2008; Lucey et al., 2003; Lucey et al., 2011; Mizuno and Lucey
2005b, 2007).

The successful melt creaming for the establishment of the network (final product) with
desirable properties for the consumers requires some time, in which a target melting
temperature is maintained under continuous stirring. In particular, during the first phase, the ion
exchange phenomenon and casein dispersion occur by the activity of emulsifying salts together
with heating and stirring. Furthermore, caseins are hydrated, fat is emulsified and the new
protein network starts to develop. During the prolonging of the processing time, the viscosity
of the melt is increasing due to interactions connected with caseins chains in the newly formed
matrix, resulting in the decrease of the fat droplets (up to the maximum available viscosity
under actual conditions). The heat treatment and holding time under the target melting
temperature is stopped when the melt possesses the appropriate properties for the manufacture
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of a final product with desirable properties for the customers. However, when the processing
time is extended, the aggregation between the proteins (increasing number of interactions
between caseins) will continue and from a certain point the fat and later also the water phases
will be released from the matrix. Thus, the developed system will become unstable with lower
values of viscosity. Nevertheless, this undesirable phase is commonly labeled as “over
creaming” and is a significant quality defect. (Kawasaki, 2008; Lee et al., 2003; Shirashoji et
al., 2006).

Cheese ripening (mainly the proteolysis) can affect the new protein network
establishment. When high amount of short-chained caseins and low concentration of intact
casein are available (proteolysis is very intensive), the danger of an unstable protein matrix
development would exist, resulting in an undesirable final product in which fat or even also
water might be released (Buiika et al., 2013; Brickley et al., 2007; Cari¢ 7 Kalab, 1997; Salek
etal., 2016).

According to Lee et al. (2003), the creaming process (the formation of a new network) is
mainly described by the interactions of caseins. The authors supported their statement in an
experiment with full-fat processed cheese and also with a sample with no fat content. In both
products, the creaming phenomenon occurred. On the other hand, the presence of fat
significantly influenced the protein matrix and therefore the consistency of the final product.
Generally, fat can disturb the continuity and the compactness in such way that decreases the
number of interactions between caseins. The latter can lead to the development of a processed
cheese with lower viscosity (more spreadable). The proteins interact with fat —emulsify it — and
in those places cannot interact with each other (caseins) and a compact network is obtained. A
similar effect on the continuity and the compactness of the protein matrix possesses water. Also
the cooling rate of the processed cheese has a significant effect on the network formation. When
the cooling rate is too fast, the viscosity of the products decreases especially because the
interactions between proteins take place especially when the melt is hot (Awad et al., 2002;
Bowland & Foegeding, 2001; Guinee, 2003; Kapoor & Metzger, 2008; Lee et al., 2003; Lucey
etal., 2011; Piska & Stétina, 2004).

It could be concluded that the final structure of processed cheese is affected by the
following factors:
= the effectiveness of ion-exchange and proteins dispersion (including the actual pH-value
and its impact on the negative charge of caseins);
= the intensity of protein hydration;
= the intensity of fat emulsification;
= the number of interactions between caseins.

Moreover, the addition of other ingredients (optional) can contribute to the increase of
the above-mentioned interactions among proteins. On the other hand, the presence of other
ingredients can also disrupt the continuity and the compactness of the developed casein
network.
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2. Natural cheese in processed cheese production

2.1 The effect of natural cheese type and maturity degree on the properties of processed
cheese.

The basic ingredient for the production of processed cheese is natural cheese. Therefore,
by the selection of this main raw material, it is possible to influence the consistency of the final
processed cheese product. During the selection of the natural cheese, it is necessary to take into
account the type of natural cheese (variety), the degree of maturity, its composition (dry matter,
fat, protein, and calcium contents, respectively), the pH value and the required properties
(organoleptic or functional) of the final product.

Natural cheese varieties which are predominantly applied in various countries of the
world vary (including mainly Cheddar, Dutch-type, Swiss-type, Mozzarella-type (or other
pasta-filata cheeses) and white brined cheeses). In general, in the English-speaking countries
(e.g., Britain, USA, Canada, Australia, and New Zealand) the basic natural cheese as the main
raw material for processed cheese manufacture is commonly Cheddar and Mozzarella cheese.
On the other hand, in regions around the Mediterranean basin, Balkan, the Near and Middle
East, white brined cheeses belong among the most preferable and consumed natural cheese
types and are utilized as the basic ingredient for the production of processed cheese and related
products (Cernikova et al., 2017; Moatsou & Govaris, 2011; Salek et al., 2020). For the past
years several studies have been performed in which divergent natural cheese varieties were
implemented for the production of processed cheese and similar products. In particular, Abdel-
Hamid, El-Sharaby & Awad (1999); Awad et al. (2002) used Ras cheese, Adhikari et al.,
(2009); Biswas et al. (2014); Brickley et al. (2007); Guinee & O’Kennedy (2009; 2012); Rafiq
& Ghosh (2017), Salek et al. (2020); Hassan et al. (2007); Fu & Nakamura (2020); Fu et al.
(2018); Janevski et al. (2012); Shirashoji et al. (2010; 2016; 2006); Guinee & O’Callaghan
(2013); Kommineni et al. (2012); Fagan et al. (2007); Hoffmann et al. (2012) applied Cheddar
cheese, Chavhan, Kanawja, Khetra & Puri (2015); Seth & Bejwa (2015); Salek et al. (2017);
Chen & Liu (2012) used Mozzarella type cheese, Cunha & Viotto (2010); Cunha, Alcandara &
Viotto (2012); Nogueira et al. (2018); Ferrao et al. (2018); Torres et al. (2017); Belsito et al.
(2017); Alves et al. (2007) used Requeijdo cremoso cheese, Cernikova et al. (2017); Salek et
al. (2016; 2017; 2020a; 2020b); Hauerlandova et al. (2014); Nagyova et al. (2014); Macku et
al. (2009); Buika et al. (2004; 2013); Weiserova et al. (2011); Schéadle et al. (2020); Ptikryl et
al. (2018); Sadlikova et al. (2010); Piska & Stdtina (2004) utilized Edam cheese, Stangieski,
Weiss & Kaczmarek (2019); Weiss, Stangieski, Baranowska & Rezler (2018); Dimitreli &
Thomareis, (2004; 2007; 2008); Fu & Nakamura (2020); Fu et al. (2018); Mozuraityte et al.
(2019) applied in their studies Gouda cheese, Chatziantoniou, Thomareis & Kontominas (2015,
2019); Kontou, et al. (2019) used a Myzithra-type whey cheese, Hanna (1999) applied Halloum
cheese, Kaminarides & Stachtiaris (2000); Topcu et al. (2020) utilized in their work
Kasseri/Kashar (pasta-filata) cheese, Ghods Rohani & Rashidi, (2019), Kontou, et al. (2019)
used Feta cheese, Salek et al. (2016) used Swiss-type cheese, Burgos, et al. (2020) used goat
cheese, Yilmaz et al. (2011) applied white cheese.
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Proteolysis is one of the principal biochemical changes during cheese ripening leading
to physical, chemical, flavor, and functional changes in natural cheese. Proteolysis occurs when
various enzymes hydrolyze proteins in cheese during ripening. The sources of enzyme for
proteolysis originate from chymosin and bovine pepsin in rennet residual, indigenous and
endogenous heat-stable proteinases in milk, and various proteinases from starter and non-starter
bacteria (McSweeney &Fox, 1997). In other words, during the ripening process of natural
cheeses, the phenomenon of proteolysis occurs, where the casein (para-casein) component is
hydrolyzed into peptides and free amino acids. In particular, proteolysis of casein occurs by the
action enzymes involving the residual activity of native milk enzymes, rennet and the
exogenous enzymatic system of acidic and non-acidic lactic acid bacteria. The ratio of cleaved
and practically non-cleaved (intact) casein is an important criterion influencing the consistency
of processed cheeses (Kapoor & Metzger, 2008). The term intact casein in cheese refers to the
casein that has not been hydrolyzed during the ripening process, which is used as a non-specific
method to measure cheese proteolysis. Intact casein content in the final product has been also
correlated to cheese rheological and functional properties. Experimentally, intact casein is
determined by the difference between total protein and the pH 4.6-soluble protein using
nitrogen-based quantifications. Furthermore, intact casein and total protein contents can
provide indirect essential information for processed cheese manufacturing as they both can
determine its functional and textual properties (Kapoor & Metzger, 2008). Furthermore, it is
generally accepted that the intact casein content of natural cheese is inversely related to the age
of the natural cheese. Hence, as a natural cheese is matured, its intact casein content (Kapoor et
al., 2007).

Moreover, Guinee et al. (2004) stated that “young”, unripe natural cheese containing 70-
95 % of intact casein is suitable for the production of sliceable processed cheese products, whilst
medium-ripened cheese with 60-75 % of intact casein is suitable for the manufacture of
spreadable processed cheese products. Thus, if an immature raw material with a low degree of
proteolysis is used, the processed cheese product obtained is characterized by a stiffer, gummier
consistency and an empty taste. On the other hand, the advantage of using this kind of raw
material (unripen natural cheese) is the reduction of raw material costs. In addition, by using a
ripened natural cheese with a high degree of proteolysis, an easily melting mixture is obtained
and the final processed cheese product has a fine and spreadable consistency. During a longer
maturing process, plethora of sensory active substances are formed, giving to the developed
processed cheese melt a full and distinctive aroma (Guinee et al., 2004; Guinee, 2003; Lee &
Klostermeyer, 2001; Swenson, et al., 2000). In practice, a mixture of more or less matured
natural cheeses is usually applied during the production of processed cheese. If the raw material
composition contains older, very mature natural cheeses with excessively hydrolyzed proteins,
the addition of intact casein (in the form of young cheeses or curd) is usually included, which
will help to form a stable protein matrix. Otherwise, there is a risk of an unstable to liquid-like
consistency of the product. This phenomenon would occur due to the low binding of water and
its release and the inability to form a stable protein matrix. The effect of increasing the degree
of proteolysis of natural cheese (Cheddar natural cheese was the basic raw material) on the
textural and viscoelastic properties of processed cheese was demonstrated in a study by
Brickley et al. (2007). The degree of proteolysis of Cheddar increased most rapidly in the first
28 days after its production, which was in line with the highest decrease in the firmness of the
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processed cheese produced. Piska & Stétina (2004) produced processed cheeses from mixtures
of natural cheeses with different degrees of proteolysis. It was found that the sample showing
the highest stiffness, adhesiveness and gumminess was made from natural cheese with a low
proteolysis index (ratio of water-soluble nitrogen at pH 4.6 to total nitrogen). On the contrary,
the values of these textural parameters were the lowest for the product manufactured from the
raw material with a higher proteolysis index.

Additionally, Bunka et al. (2013) studied the dependence of natural cheese (Edam block;
2, 4 and 8 weeks of maturity) maturity level on selected textural properties (hardness,
cohesiveness and relative adhesiveness) of spreadable processed cheese (40 %, w/w, dry matter,
50 % wi/w fat in dry matter contents) during a 30 day storage period. The above-mentioned
authors stated that hardness of processed cheese decreased when a raw material with higher
level of maturity was applied for the production of the examined samples. Furthermore, with
the raising maturity degree of the cheese, the values of processed cheese cohesiveness slightly
decreased. On the other hand, the obtained values of relative adhesiveness of the processed
cheese samples increased. Furthermore, significant changes in the relative adhesiveness values
were reported when cheese with 8-week maturity was used. A possible explanation of this
could be due to a shortening length of casein fractions caused by the rising intensity of
proteolytic changes during the ripening of the utilized raw material (natural cheese) (Brickley
et al., 2007; Piska & Stétina,2004). The results are in accordance to the findings reported by
Brickley et al. (2007) and Guinee et al. (2004). In general, the values processed cheese relative
adhesiveness should increase with the rising maturity level of the used natural cheese.
Moreover, according to the work of Hladka et al. (2014) model samples of processed cheeses
(40 % wi/w dry matter content and 50 % w/w fat in dry matter content; Edam cheese block was
applied as the main raw material; 50 % w/w dry matter, 30 % w/w fat in dry matter) were
homogeneous regardless of the maturity degree of cheese (the maturity of the applied raw
material was in the range of 1-16 weeks). Moreover, the latter authors developed processed
cheese samples without emulsifying salts addition. The highest values of hardness were
observed in the products made of cheese with 1-2 weeks of maturity. Moreover, with the
increasing degree of cheese maturity (4-12 weeks), the hardness of the tested samples was
gradually decreasing. Additionally, the hardness of processed cheese made of natural cheeses
with maturity of 12-16 weeks did not differ. Nevertheless, the lowest values of hardness were
observed in the samples examined on the production day and this parameter was significantly
increasing with the prolonging of the storage period. In addition, other series of studies
performed by Salek et al. (2016; 2017; 2020) examined the effect of various natural cheese
varieties and their degree of maturity on selected textural and rheological properties of model
processed cheese samples. The above-mentioned authors applied Mozzarella-type (42 % w/w
dry matter content; 35 % w/w fat in dry matter content; 0, 2, 4 weeks of maturity), Swiss-type
(60% w/w dry matter content, 30% wi/w fat in dry matter content; 4, 8, 12, and 16 weeks of
maturity), Cheddar (dry matter content 62 % w/w, fat in dry matter content, 50 % w/w; 4, 8, 12
and 16 weeks of maturity) and White brined cheeses (dry matter content 48 % wi/w, fat in dry
matter content 38 % w/w; 2, 4, 8, 16 and 24 weeks of maturity) respectively, as the basic raw
material in the formulation of the resultant processed cheese samples. The hardness of the
samples obtained decreased with the rising maturity degree of the natural cheese used
(regardless of the applied cheese variety). Moreover, the monitored values of the gel strength

20



and interaction factor decreased with the increasing maturity degree of the cheese used.
According to Kapoor & Metzger (2008), the reported decrease in the gel strength values could
be probably due to fewer number of interactions within the processed cheese matrix. In general,
it could be stated that a more rigid end-product can be expected with higher gel strength values.
The intensity of rigidity of the processed cheese samples has an analogous relationship to the
intensity of the gel strength; the higher the gel strength of the sample, the more firmer the
product that can be expected (Salek et al., 2016; 2017). Moreover, higher values of gel strength
were reported for the processed cheese samples produced with Cheddar cheese in comparison
to those made from White brined cheese. According to Salek et al., (2020) from the comparison
of processed cheese samples manufactured from two different natural cheeses (Cheddar and
White brined cheese) of the same maturity level (4-, 8- and 16-week maturity), it can be seen
that the White brined processed cheese samples were significantly less hard that those made of
Cheddar cheese. Moreover, this important difference in the hardness values development could
be due to different chemical composition (including pH, calcium content, NaCl content,
residual lactose content and mainly the amount of intact casein) and cheesemaking process of
the applied natural cheese (Piska & Stétina, 2004). As it was mentioned previously, the level of
intact casein present in the natural cheese can influence the properties of the resultant processed
cheese. Furthermore, the structural network of processed cheese is mainly formed by intact
casein and thus, a high level of intact casein could be a potential indicator for abundant
interactions between the present proteins and fat. According to the literature, processed cheese
produced from natural cheese with lower intact casein level is soft, whereas processed cheese
made from natural cheese with a higher level of intact casein is firm. On the same token,
probably the level of intact casein in the utilized White brined cheese was lower in comparison
to that in Cheddar cheese, resulting in significant differences in their values of hardness. On the
whole, from the reported results of rheological and hardness analyses it could be concluded that
the processed cheese gel strength and hardness development follow a contiguous trend which
is not affected by the type of applied natural cheese.

In addition, Burgos et al. (2020) evaluated the effect of the maturity degree of natural
goat cheese on the textural, rheological and organoleptic properties of processed cheese
products. Furthermore, the developed processed cheeses were formulated using goat cheeses
with 10, 20 and 40 days of ripening. In particular, the hardness, adhesiveness and complex
modulus (G*) of the tested samples decreased as the maturity degree of the utilized natural
cheese (raw material) increased, which is probably associated with the intact casein content.
According to the latter authors, increasing the amount of natural goat cheese having hogher
amount of intact casein in the formulation can influence the complex modulus of the resultant
end product. Finally, a general statement could be reported that as the maturity degree of natural
cheese applied in process cheese manufacture increased, the hardness of the resultant processed
cheese decreased (Kapoor, et al., 2007; Piska & Stétina, 2003).

Active acidity (pH value) has a significant effect on the textural and rheological
properties of processed cheeses. In particular, these properties are mainly influenced by the type
and concentration of emulsifying salts used and the pH value of the applied natural cheese.
Moreover, processed cheese with low pH values (in the range of 4.8 - 5.2) can be expected to
have a stiffer consistency than less acidic processed cheeses with higher values of pH (pH>
6.0), which are usually more spreadable under otherwise identical circumstances (Awad, et al.,
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2004). The closer the pH value of the processed cheese is to the value of the isoelectric point
of casein (pl = 4.6), the more attractive protein interactions occur, resulting in a stiffer product
(Lee, et al., 2004). Marchesseau et al. (1997) investigated the effect of increasing pH on the
rheological properties of processed cheeses with a constant content of emulsifying salts. The
result was decreasing values of loss and elastic moduli of elasticity, indicating a decrease in
viscosity and elasticity of the tested processed cheese with an increasing pH.

Moreover, Lee & Klostermeyer (2004) also achieved the same results in processed
cheese spreads with reduced fat content (12.0 % w/w of fat). In contrast, Swenson et al. (2000)
found a decrease in the firmness of processed cheese containing only 0.6 % wi/w of fat with a
decreasing pH. However, these different results are probably due to the analysis of different
types of matrices (e.g. different processing equipment and conditions, chemical composition of
the matrix). Moreover, factors such as natural cheese calcium and phosphorus contents and salt-
moisture-content can influence the functional properties of processed cheese. According to
Kapoor at al. (2006) high calcium and low phosphorus content in natural cheese can influence
the processed cheese melting properties, viscous modulus and apparent viscosity. Moreover,
decreased levels of calcium content can affect the rheological properties of processed cheese in
such a way that the resultant end product will present lower values in fracture test, strain and
hardness. In general, such products are characterized as soft and brittle in texture (Guinee &
O’Kennedy, 2009). In addition, the salt-in-moisture content of natural cheese can influence the
proteolysis degree. In particular, an increase in the salt-in-moisture content can result in a
decreased degree of proteolysis. Thus, the hardness of the resultant processed cheese should be
higher, whereas the values of cohesiveness will be lower. Furthermore, according to Biswas et
al. (2015) processed cheese produced from Cheddar cheese with high calcium and phosphorus
contents and high salt-in-moisture content is harder with lower tendency to flow.
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3. Emulsifying salts in processed cheese production

3.1 The role of emulsifying salts within the processed cheese matrix

Emulsifying salts (sometimes also called emulsifying agents) are more commonly known
in the dairy industry as “melting” salts and are of great importance during the production of
processed cheese and similar products (processed analogues or processed cheese sauces).
Emulsifying salts are ionic compounds made up of monovalent cations (sodium, potassium)
and polyvalent anions (phosphates, polyphosphates and/or citrates) (Chen & Liu, 2012; Buika
et al., 2014). The most commonly applied emulsifying salts are sodium citrates, sodium
hydrogen monophosphates, diphosphates and polyphosphates. Nowadays, during the industrial
production of processed cheese, emulsifying salts are rarely used as individual compounds,
whereas they are applied rather in the form of phosphate and phosphate-citrate blends (binary,
ternary or even quaternary mixtures) (Chen & Liu, 2012; Hasenhuetl & Hartel, 2008).
Nevertheless, emulsifying salts cannot be characterized as “true” emulsifiers (low molecular-
weight surfactants) since they do not indicate any surface-activity properties. In the narrow
sense, emulsifying salts cannot be used for the preparation of oil-in-water (O/W) or water-in-
oil (W/O) emulsions, whereas they play important role in modifying the emulsifying activity of
the present surface-active proteins (mainly caseins from the applied natural cheese which is the
main raw material) within the processed cheese matrix. (Cari¢ et al., 1985; Hasenhuetl & Hartel,
2008; Lucey, 2002; Tamine, 2007; 2011; Zehren & Nusbaum, 2000). In addition, caseins
possess calcium binding ability, which has the effect of reducing their solubility and thus
enhancing their emulsifying properties. Furthermore, emulsifying salts present higher affinity
for calcium than do the caseins, and thus, are able to improve the solubility and emulsifying
ability of the caseins. In general, two types of emulsifying salts exist; those that bind calcium
relatively ,,weakly“, and those that bind calcium more ,,strongly. “Weak” emulsifying salts
have a modest effect on the emulsifying properties of the caseins, leading to the formation of a
softer processed cheese with relatively large fat droplets. On the other hand, “strong”
emulsifying salts give a greater improvement in the emulsifying capacity and result in a firmer
processed cheese with smaller droplets of fat (Hasenhuetl & Hartel, 2008). According to the
European Union legislation (Commission Regulation No. 1333/2008) the maximum permitted
level of emulsifying salts (expressed as P>Os) in processed cheese is up to 20,000 mg/kg (or
mg/L). In general, depending on the nature of the applied emulsifying salt, the latter are added
in an amount ranging from 1 to 3 % (w/w) (Tamine, 2007; 2011). The essential role of
emulsifying salts is to solubilize calcium paracaseinate, sequester calcium and thus, dispersing
the present proteins. Calcium in the calcium-paracaseinate complex of natural cheese is
removed by the ion-exchange properties of the emulsifying salts; solubilizing the paracaseinate,
usually as sodium paracaseinate (Fox, 2000; Hui, 2005). Moreover, pH adjustment and calcium
sequestering are among the main functions of emulsifying salts during processed cheese
production. Emulsifying salts possess the ability to sequester calcium from the casein matrix;
by exchanging sodium ions, resulting in the conversion of the insoluble calcium paracaseinate
into the more soluble sodium paracaseinate (Guinee et al., 2004; Chen & Liu, 2012; Kapoor, et
al., 2007; Salek et al., 2015). Within the matrix, sodium paracaseinate acts as an emulsifier
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leading to the stabilization of the oil-in-water interface. Some of the additional properties of
emulsifying salts are the control and stabilization/adjustment (an upward trend) of the pH level
and an effect on the formation of the final product structure after cooling (Dimitreli &
Thomareis, 2009; El-Bakry et al., 2011). Moreover, application of the appropriate blend of
emulsifying salts increases (due to their buffering capacity) the pH from the typical values in
the range of ~4.6 — 5.5 for natural cheese to values ranging from 5.6 to 6.2 in the spreadable
processed cheese. Furthermore, the increase in pH extends the calcium-sequestering ability of
the emulsifying salts and the negative charge on the paracaseinate. The dispersed hydrated
paracaseinate contributes to the emulsification of the free fat by coating the surfaces of the
dispersed free fat globules, resulting in the formation of an artificial (recombined) membrane.
The high water-binding capacity of the paracaseinate enhances the developed emulsion stability
as it leads to higher values of viscosity of the aqueous phase and thus a reduction in the collision
frequency of the emulsified particles is observed. However, not all emulsifying salts have the
same calcium ion-exchange ability. The phosphate ion-exchange ability increases with
increasing P2Os content in the following order: monophosphate < citrates = diphosphate <
triphosphate < polyphosphate (Shirashoji et al., 2006; Burika et al., 2013). According to El-
Bakry et al. (2011) and Mizuno & Lucey (2005), trisodium citrate (TSC) presents better calcium
chelating ability and casein peptization properties than do sodium monophosphates and
diphosphates. Moreover, on a mole for mole basis, phosphates possess higher calcium chelating
ability than citrates (Dimitreli & Thomareis, 2009) The ion-exchange ability increases with the
increasing length of the polyphosphate chain, resulting in better casein dispersion and better fat
emulsification and water stabilization, which leads to better crosslinking of the matrix network
in the final product (Chen & Liu, 2012; El-Bakry et al., 2011; Shirashoji et al., 2010; Molins,
1991). Nevertheless, absence of emulsifying salts (during heating and shearing of the applied
mixture of various ingredients), could lead to the formation of an undesired inhomogeneous
mass (Guinee et al., 2004; Burika et al., 2014). In particular, heating (to temperatures utilized
during processed cheese production) and stirring of the used natural cheese together with the
other ingredients of the formula (in the absence of emulsifying salts); might result in the
membrane destruction of the emulsified fat globules, leading to their clustering into larger units.
Moreover, the combined effect of low pH and high processing temperatures application would
cause aggregation and contraction of the casein molecules, resulting in water release followed
by the separation of hydrophilic and hydrophobic phases. The latter phenomenon is a defect
known also under the term oiling-off (Guinee et al., 2004). Furthermore, another important
property of emulsifying salts is their bacteriostatic effects. Traditional manufacture of processed
cheese normally involves processing temperatures in the range of 70 — 95 °C, which are lower
than those which are used over sterilization. Hence, processed cheese might contain viable
microbial spores (e.g. Clostridium genus) mainly from the utilized raw materials. Nevertheless,
spore germination during storage could lead to serious technological problems (or defects —
such as blowing of the packaging material, protein putrefaction and off-flavors). Generally,
bacterial spoilage can be eliminated by the addition of preservatives. In addition, some
emulsifying salts possess bacteriostatic properties. Particularly, polyphosphates can inhibit
many microorganisms (Staphylococcus aureus, Bacillus subtilis, Clostridium sporogenes and
some Salmonella spp.). Moreover, monophosphates and diphosphates have been found to
inhibit the growth of Clostridium botulinum (depending on the levels of moisture, NaCl and pH
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of the processed cheese). However, on the contrary, citrates do not possess bacteriostatic
properties, and may be even degraded by bacteria and thus reducing the shelf-life of the final
processed cheese product (Cari¢ & Kalab, 1997; Bunkova, et al., 2008; Fox et al., 2000; Tanaka
et al., 1986; Zerfiridis, 2001).

3.1.1 Phosphate emulsifying salts

Phosphates are the salts derived from phosphoric acid (HsPO4). Phosphates constitute a
large group of compounds, in which the anion consists of PO4 tetrahedra which may be linked
together by the sharing of corners. The phosphate series begins with single PO4 group, which
may exist as the triply charged monophosphate (named also as orthophosphate) anion PO47, or
may participate in molecules where one, two or three of the four oxygens are covalently bonded
to other atoms. Additionally, the PO4 group is a tetrahedron formed by four oxygen atoms
surrounding a phosphorus atom. The present oxygen molecules may constitute a bridge between
the phosphorus atom and other atoms (including also other phosphorus atoms). Therefore, a
long series of two- or three-dimensional phosphates can originate through P-O-P linkage. A
term often used in relation to polyphosphates (including also diphosphates) is that of
“condensed phosphates”. The origin of the term lies in some of the industrial processes used in
the manufacture of polyphosphates, which involve elimination of water at high temperatures.
Under very specific conditions, monophosphates or longer-chain phosphates having terminal
OH groups lose water between hydroxyl groups. The dehydrated tetrahedra are thereby brought
together through a sharing of corners (are condensed) in order to form polymers. Similar
processes may result in two monophosphate molecules coming together to form a diphosphate
(previously named as pyrophosphates), or a monophosphate and a diphosphate may link into a
triphosphate, and so on. Moreover, the term ultraphosphate includes any phosphate having a
tridimensional structure. On the other hand, in processed cheese industry, linear (two-
dimensional) polyphosphates are used (Molins, 1991).

In addition, sodium, potassium, ammonium, calcium, magnesium and sodium aluminum
salts of phosphates can be used in the food industry. In particular, in the processed cheese
industry, sodium salts of phosphates are predominantly utilized. Potassium salts of phosphates
are generally not applied due to possible bitter flavor of the end-products (Guinee et al., 2004;
Kapoor & Metzger, 2008; Mayer, 2001). In some countries, the sodium aluminum salt of
phosphate is permitted and some recent papers showed that bitter flavor could not be a problem
and pointed out lower sodium content (Chavhan et al. 2015;Nogueira et al., 2018; Schatz et al.,
2014).

3.1.2 The effect of individual emulsifying salts on processed cheese properties

Phosphate and polyphosphate salts with varying number of linearly bonded phosphate
units in the molecule possess different properties. The first property that is significantly
influenced by the above-mentioned factor is the ability to exchange ions. The capability of
sodium phosphate-based emulsifying salts to exchange sodium and calcium between
emulsifying salts and a natural cheese casein structure is affected by two factors: (i) the length
of phosphate-based salt; and (ii) the target temperature during processed cheese production.
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When longer phosphate-based salt is used and higher target melting temperature applied, the
ion-exchange ability and subsequently the casein dispersion are enhanced (Bunka et al., 2013;
Cari¢ & Kaléab, 1997; Gupta et al., 1984; Molins, 1991; Nagyova et al., 2014; Sadlikova et al.,
2010; Salek et al., 2015; Templeton & Sommer, 1936; Weiserova, et al., 2011).

The ion-exchange activity of sodium phosphate-based emulsifying salts is also affected
by the actual pH of the mixture of the raw materials, the latter in turn might be influenced by
the selection of (i) natural cheese type; (ii) other ingredients; (iii) and also by the applied
emulsifying salts (type and/or concentration). In general, when the pH value of the mixture of
the raw materials is low, the ion-exchange ability of sodium phosphate-based emulsifying salts
is enhanced. The pH-values of aqueous solution (1 % w/v) prepared using different sodium
phosphate-based ES (commonly applied by industrial practice) are presented in Table 1 and
could be ordered as follows:

NazH2P207 < NaH2PO4 < (NaPO3)n < NazHPO4 < NasP3010 < NasP207 < NazPOg4

In Table 1, the pH-values of processed cheese manufactured with the individual sodium
phosphate-based ES (in concentration of 3 % w/w) are also presented. The order of pH-values
of processed cheeses produced is the same (as in the case of the aqueous solutions of 1 % wi/v).
It should be added that the actual pH-value of the raw material mixture influences also the
aggregation processes of caseins. The caseins aggregation is more intensive, when the pH-value
of the mixture is near to its isoelectric point (pH =~ 4.6). Furthermore, excessive aggregation of
caseins and “poor” ion-exchange ability of the used emulsifying salts and therefore, insufficient
dispersion of proteins could lead to unsatisfactory fat emulsification and protein hydration. On
the whole, it could be reported that the selection of proper emulsifying salts is very important
for reaching the target pH-value of the final product (Cari¢ & Kalab, 2004; Guinee et al., 2004;
Marchesseau et al., 1997; Lee & Klostermeyer, 2001; Molins, 1991; Muslow et al., 2007;
Nagyova et al., 2014; Shirashoji et al., 2016; Sadlikova et al., 2010; Salek et al., 2015).
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Table 1

Ranges of pH values” of aqueous solutions (1 % wi/v) and final processed cheese samples (3 %
w/w) manufactured by the utilization of selected sodium phosphate emulsifying salts (Nagyova
et al., 2014; Sadlikova et al., 2010; Salek et al., 2015).

Chemical Name P20s pH value pH value
formula content of aqueous of the final
solution processed
(1 % wiv) cheese
(3 % wiw)™

NaH2PO4 monosodium 59.15 4.5 4.9
phosphate

NazHPO4 disodium 50.00 9.1 6.5
phosphate

NasPO4 trisodium 49.94 11.9 6.9
phosphate

NazH2P207 disodium 63.95 4.1 4.7
dihydrogen
phosphate

NasP.0O7 tetrasodium 53.38 10.2 6.7
diphosphate

NasP3010 pentasodium 57.88 9.7 6.6
triphosphate

(NaPO3),™  sodium 69.61 5.9 5.4
polyphosphate

values are expressed as mean; the standard deviations for aqueous solutions and
processed cheese samples were in range of 0.01 — 0.03 and 0.02 — 0.06, respectively,
model spread-type processed cheese with 40 % (w/w) dry matter and 50 % (w/w) fat in
dry matter produced using Edam cheese,
“ mean length for sodium polyphosphate was at the level of n = 20

With respect to the above-mentioned relations and all references presented above, the
ion-exchange ability of sodium phosphate-based emulsifying salts could be presented by the
following order:

NaH2PO4 < NazHPO4 < NasPOs < NazH2P207 < NasP207 < NasP3010 < sodium
polyphosphates (n < 9) < sodium polyphosphate (n > 9).

The use of sodium phosphate-based emulsifying salts is not limited only by the pH-
value adjustment of the final products but some of these salts possess also buffering capacity
and are able to stabilize the pH of the processed cheese. The buffering capacity of sodium
phosphate-base emulsifying salts is lower when the length of phosphates and polyphosphates
is decreasing. Therefore, monophosphates and partially diphosphates are evaluated as
substances with higher buffering ability (Cari¢ & Kalab, 2004; Guinee et al., 2004; Lucey et
al., 2011; Muslow et al., 2007).
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The length of phosphate-based emulsifying salts influences also the ability to support the casein
network (gel) formation. Diphosphates are evaluated as very effective substances for dairy gels
forming, followed by triphosphates. According to some literal sources, it was reported that also
units consisting of calcium with diphosphates or triphosphates also help to establish stable
casein networks, due to the support to hydrophobic interactions between the proteins. On the
other hand, polyphosphates are considered that do not support gel forming, due to their bonding
with caseins and thus increasing their negative charge (Burika et al., 2013; Cari¢ & Kalab, 2004;
El-Bakry et al., 2011; Guinee et al., 2004; Lu et al., 2008; Lucey et al., 2011; Mizuno & Lucey,
2007; Muslow et al., 2007; Shirashoji et al., 2010, 2016).

The effect of individual (sodium) phosphate-based emulsifying salts on the properties
of processed cheese has been studied in detail for last years. On the other hand, the most of the
referenced studies are not directly comparable because different manufacturing conditions were
applied (different raw materials, divergent target dry matter and fat in dry matter values,
processing parameters — target temperature and holding time, agitation speed). On the other
hand, indirectly, the observed trends could be compared.

In the work of Nagyova et al. (2014) are depicted the results of hardness values of
processed cheese samples with solely applied nine emulsifying salts (target parameters: 40 %
w/w dry matter content; 50 % wi/w fat in dry matter content), which were produced under the
same conditions. Each emulsifying salt was added in an amount of 2 % w/w. In general, the
hardness of the resultant model processed cheese samples increased with the rising number of
phosphate units in the sodium phosphate and polyphosphate molecule. According to the latter
authors, the hardness increased between samples with sodium polyphosphates in comparison
with products in which was used pentasodium triphosphate. Moreover, hardness of processed
cheeses also increased when the number of phosphates units in sodium polyphosphates raised
up to n = 13 (the mean value of the polyphosphate length). Therefore, the hardness of the
samples, in which sodium polyphosphate with n = 13, n = 20 and n = 28, remained practically
similar. When the emulsifying salts were used individually, the effect on the hardness of the
samples was controlled and explained by the ability of the certain phosphate and
polyphosphates texchanging ions. Furthermore, monophosphates are substances (low-
molecular) with the ability to bind onto caseins and increase their hydration. Diphosphates
cause the gel formation of caseins and act as cross-linking agents, while bonding with calcium
ions. The latter mentioned phenomenon leads also to the reduction of charge repulsion, which
can help to facilitate hydrophobic interactions between the hydrophobic segments of the present
proteins. On the other hand, excessive amounts of diphosphates could bond too much amount
of calcium, making it unavailable for cross-linking. Moreover, long-chain polyphosphates can
strongly bind calcium and intensively support the dispersion of caseins. However, it is accepted
that they do not support gel formation (due to their multiple negative charges). In addition, it
could be reported that emulsifying salts are not used in practise as sole ingredients but as
mixtures of several phosphate salts, sometimes also in the combination with citrate salts.
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3.1.3 The effect of binary and ternary mixture of emulsifying salts on processed cheese
properties

As it was mentioned above, under industrial conditions, mixtures of individual
phosphates and also citrates are commonly applied during the production of processed cheese.
Mixtures for commercial production of processed cheese contain two or even more individual
types of emulsifying salts.

El-Bakry et al. (2011) reported the influence of the binary mixture consisting of
disodium phosphate (DSP) and trisodium citrate (TSC). Moreover, the current authors reported
that the firmness of processed cheese increased when the relatively amount of TSC raised
(within the mixture of emulsifying salts). Moreover, Weiserova et al. (2011) studied the effect
of six binary mixtures contained DSP, tetrasodium diphosphate (TSPP), pentasodium
triphosphate (PSTP) and sodium salt of polyphosphate in which the mean amount of phosphate
units was n =~ 20 (POLY20). The hardness of the processed cheese samples (target parameters:
40 % wi/w dry matter content; 50 % w/w fat in dry matter content) in which the above-mentioned
six binary mixtures (DSP:POLY20, TSPP:POLY20, PSTP:POLY20 and TSPP:PSTP) were
applied increased, when the relative amount of phosphate with higher ion-exchange capability
raised. Furthermore, a different trend of hardness development was observed when the binary
mixtures of DSP:TSPP and DSP:PSTP were studied. In samples produced using DSP:TSPP or
DSP:PSTP, the maximum values of hardness were reported, when the ratio of DSP and TSPP
or DSP and PSTP ranged in the range of 1:1 — 2:3. These findings leaded to the conclusion that
the ion-exchange ability (and subsequently the intensity of caseins dispersion) is not the only
role of emulsifying salts. Weiserova et al. (2011) suggested the hypothesis that emulsifying
salts especially in some ratios can influence the creaming process and generally, the new protein
network forming.

Bunka et al. (2013) continued with the ternary mixture of emulsifying salts consisted of
DSP, TSPP and POLY20. In particular, in samples when the relative amount of POLY 20 was
lower than 60 %, processed cheese hardness rapidly increased (in comparison with products
with the same relative amount of POLY 20), when the mutual ratio of DSP and TSPP was in the
interval of 1:1 — 2:3. When the ratio of DSP and TSPP was different or (<2:3 or >1:1) the
hardness of processed cheese decreased. The effectiveness of the specific combination
DSP:TSPP was increasing, when the relative amount of POLY20 was decreasing. The hardest
processed cheese were obtained when the ratio of DSP:TSPP was 2:3 and POLY20 was not
included. However, in samples with the relative amount of POLY?20 > 60 %, the significant
influence of the specific ratio of DSP:TSPP was not observed (Bunka et al., 2013).

Nagyova et al. (2014) followed up with a research study, in which they used sodium
salts of polyphosphates with different mean number of phosphate units (n = 5 — POLY05; n =
9 - POLY09; n = 13 — POLY13; n= 20 — POLY20; n =~ 28 — POLY28) in ternary mixtures
composed also with TSPP and DSP. Generally, the trend of the influence of the ternary mixtures
composition, described by Buiika et al. (2012) only for POLY20 (wit DSP and TSPP), on the
firmness of processed cheese remained unchanged also for the other polyphoshate with 5 — 28
units of phosphates linearly bonded in the molecules. When the relative amount of the above
mentioned phosphates were < 60 %, the effect of the DSP:TSPP combinations 1:1 — 2:3 still
existed regardless of the polyphoshate used. However, the absolute values of hardness were
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affected. When POLYO05 or POLY09 were added, the absolute values of the model processed
cheeses hardness were slightly higher with the application of ternary mixtures with the relative
amount of polyphosphate < 50 % compared to those samples with POLY13, POLY20 and
POLY28 (excluding for the amount of polyphosphates was zero). The latter mentioned
phenomenon was observed not only in products, where the combination of DSP and TSPP was
at 1:1 — 2:3, but also in samples with the same ratio consisting of DSP and PTPP. With the
application of the relative amount of polyphosphate > 60 %, the hardness of the processed
cheeses decreased in relation to the decreasing number of phosphate units.

Furthermore, the explanation of the above-mentioned results in processed cheese
samples manufactured using the binary and ternary mixtures of monophosphates, diphosphates
and polyphosphates could be based on the specific properties of the individual phosphates or
their mutual synergic relationship (Burka et al., 2013; EI-Bakry et al., 2011; Lu et al., 2008;
Mizuno & Lucey, 2005b, 2007; Molins, 1991; Nagyova et al., 2014; Shirashoji et al., 2010,
2016; Weiserova et al., 2011; Salek et al., 2015). In particular, when zero or the low relative
amount of polyphosphates (< 10 %) were in the mixtures of emulsifying salts composed of
monophosphates and diphosphates (1:1 — 2:3), the strong gel formation of caseins was probably
affected by the presence of diphosphates. Thereafter, small molecules of monophosphates have
the ability to permeate among cross-linked proteins and thus strongly bind water. A sufficiently
short distance between caseins supports their hydrophobic associations resulting in the increase
of the final processed cheeses hardness. However, zero or low levels of polyphosphates do not
provide caseins a strong negative charge resulting in the repulsion of proteins. Moreover, a low
relative amount of diphosphates does not provide sufficient concentration of cross-linking
agents and a strong gel cannot be developed. On the contrary, a high relative amount of
diphosphates could lead to very effective binding of calcium, which could negatively affect the
formation of diphosphate-calcium cross-links (bridges) between caseins more difficult. In
addition, a relative low level of monophosphate permeating among cross-linked caseins is
probably not sufficient to bind water.

When the relative amount of polyphosphates is higher (< 60 %), the effect of
polyphosphates on the processed cheese network could be more effective. Hence, their ability
to provide caseins multiple negative charges could diminish the effect of the specific ratio of
monophosphates with diphosphates. Furthermore, the rising relative amount of polyphosphates,
could result in the decrease of the hardness of processed cheese when the specific ratio of
monophosphates with diphosphates (1:1 — 2:3) is decreasing. When the relative amount of
polyphosphates is > 60 %, the effect of polyphosphate on the caseins network formation is
predominant. In addition, polyphosphates strongly disperse caseins, leading to their hydration.
Hence, the dispersed caseins emulsify the fat present within the matrix. The above-mentioned
phenomena lead to the production of processed cheese with similar values of hardness
regardless of the ratio of monophosphates with diphosphates.

When the mean number of phosphate units linearly bonded in the polyphosphates
decreases (in the case when the relative amount of polyphosphates is below 50 %), the hardness
of the processed cheese could increase. The explanation could be based on the different ability
of polyphosphates (with a varying mean number of phosphate units) to give caseins multiple
negative charges. In general, short-chain polyphosphates (the mean number of phosphate units
n < 10) cause a lower intensity on the negative charge on caseins, leading to a higher intensity
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of hydrophobic interactions among the dispersed caseins and thus increase of hardness of the
processed cheese might be expected. When the relative amount of polyphosphates is above 60
% (regardless of the length), the influence on the processed cheese hardness is related to the
mean number of phosphate units (which are linearly bonded in the polyphosphate). In
particular, processed cheese hardness slightly increases with the increasing phosphate units in
the molecule (up to n = 13). In addition when the length is higher than 13 (n > 13) the values of
processed cheese hardness are similar (regardless of the polyphosphate length).

Among the factors which could affect the consistency of processed cheese, are the type
and the maturity degree of the applied natural cheese, the total concentration of emulsifying
salts applied and also the length of the storage time. Burika et al. (2013) and Salek et al. (2016;
2017; 2020) utilized different types of natural cheese with divergent maturity degree (Dutch-
type cheese, matured 2 — 8 weeks; Swiss-type cheese, matured 4 — 16 weeks; Mozzarella-type
cheese, matured up to 4 weeks; Cheddar-type cheese, matured 4 — 16 weeks; and white brined
type cheese, matured 2 — 24 weeks). In particular, the absolute values of the processed cheese
hardness varied in dependence to the applied natural cheese. On the other hand, the general
trend (as it was previously described) of the influence of the phosphate-based ternary mixtures
of emulsifying salts composition on the hardness of processed cheese remained unaffected. In
general, the increasing degree of maturity (in other words the intact casein concentration
decreased), the hardness of the resultant processed cheese decreased, whereas the general trend
of functionality of emulsifying salts (the mixtures) was not influenced. Moreover, processed
cheese hardness increased over the storage time (up to 60 days), without significant effect on
the general trend of functionality of emulsifying salts.

3.1.4 Other properties of phosphate emulsifying salts

Phosphates possess an inhibitory effect on the growth of some microorganisms. As far
as the growth inhibition of gram-positive bacteria is concerned, the inhibitory effect of
phosphates is dependent on the length of their chain. The effect of long-chain phosphates is
more significant than the inhibitory effect of short-chain phosphates. Moreover, the
antimicrobial effect is also influenced especially by temperature and pH value of the
environment. As it was described in the subchapter 6.2.1, long-chain polyphosphates have a
high affinity for bivalent metal ions. These ions are essential for maintaining the integrity of
the cell wall of gram-positive bacteria because they form transverse bridges between the
molecules of teichoic acids in the cell wall. Binding of bivalent ions can also be manifested by
the unavailability of these ions for some essential physiological processes of the growth.
Cleavage of the above-mentioned ions will result in bactericidal or bacteriolytic effects. When
spore-forming bacteria are exposed to the effects of polyphosphates, the spore germination
process is suppressed. The bactericidal or bacteriolytic effect of polyphosphates were studied
in model laboratory conditions but also in real processed cheese with similar results. The
inhibitory effect of phosphates on gram-negative bacteria are rarely described in the literature.
(Bunkova & Burnka, 2017; Lorencova et al., 2012; Velazquez et al., 2001).

The hydrolysis of phosphates in food systems is gaining attention because of its
implication in the possible loss of functional phosphate properties. Phosphate hydrolysis in
foods could occur due to causes as varied as enzyme activity, high temperature, pH-value and
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also a result of bacteria metabolisms. Generally, the linkages between phosphate units in linear
polyphosphates is more stable at 25 °C in comparison to temperature above 70 °C. On the other
hand, when the temperature of the environment is < 25 °C, the hydrolysis could slowly run.
Linear polyphosphates are relatively stable in alkaline or neutral solution, their hydrolysis could
be accelerated by decreasing pH to acid area. The latter mentioned relationship is important,
because the optimal pH-value of spreadable processed cheeses generally range in the interval
of 5.6 — 6.0 (see chapter 9) and for processed cheese block and slices slightly lower pH-values
(in many cases 5.0 — 5.5) are required. Polyphosphate hydrolysis proceeds usually by scission
of terminal phosphate groups rather than by middle group link rupture. On the other hand, the
studies described also “random cleavage in the middle” of linear polyphosphates rarely exist.
As a result of hydrolysis, breakdown of polyphosphate is accompanied by a continuous built
up of monophosphate, which is the end product of the hydrolytic process. Generally, the
hydrolysis rate raises with the increase of the number of phosphate units in the linear
polyphosphate molecule. Increasing water content, concentration of bivalent ions (especially
calcium cation), storage temperature and actual pH-value could also accelerate the hydrolysis
rates (Cari¢ & Kalab, 1997; Guinee et al., 2004; Lucey et al., 2011; Molins, 1991).

3.2 Citrate emulsifying salts

Citrates are the salts obtained from citric acid. To obtain citrate salts the acidic hydrogen
atoms must be replaced by cations from the tribasic citric acid. Particularly, the H ions of citric
acid are neutralized with Na* resulting into three types of salts: mono-, di-, and trisodium
citrates, respectively. The most important emulsifying salt applied in the manuafcture of
processed cheese is the trisodium citrate (TSC). In addition, one percent aqueous solution of
TSC had a pH-value 8.4 = 0.1 and the pH value of processed cheese (target parameters: 40 %
w/w dry matter content; 50 % w/w fat in dry matter content; solely applied TSC in amount of
2 % w/w.) was 6.4 + 0.1. Monosodium and disodium citrates are not applied as sole ingredients
because the final product might be acidic with poor textural properties and oiling-off could be
expected. Additionally, citrates are applied in blends for processed cheese pH modification.
TSC is used for the manufacture of processed cheese in slices or sliceable processed cheese
(block-type). Moreover, potassium or ammonium citrates are applied in the production of
processed cheese with reduced sodium content. Nevertheless, at high levels extensive bitterness
of the final processed cheese can be reported. TSC presents better calcium ion-exchange ability
and casein dispersion properties compared to sodium monophosphates and diphosphates.
However, TSC is not able to bind on caseins and therefore, is not directly part of the novel
protein network. In general, the main role lies on the ability of ion-exchange ability (Dimitreli
& Thomareis, 2009; El-Bakry et al., 2011; Lu, Shirashoji & Lucey, 2008; Mizuno & Lucey,
2005, Shirashoji et al., 2006; Molins, 1991; Salek et al., 2015; Tamine, A. Y., 2011).

The development of hardness in processed cheese samples, depending on the composition
of emulsifying salt mixtures consting of DSP, TSPP and TSC was studied by Salek et al. (2015).
The specific ratio of DSP:TSPP (approximately 1:1-2:3) was once again identified, leading to
a significant increase in the hardness of the tested processed cheese samples. However, the
influence of this specific ratio rapidly decreased, when the proportion of TSC in the mixture of
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emulsifying salts increased. Nevertheless, the influence of this specific ratio (DSP:TSPP) on
the hardness of the processed cheese samples even at 40 % levels of TSC was insignificant. On
the other hand, if the proportion of TSC was higher than 40 % (in the ternary mixture of
emulsifying salts), the hardness of the samples increased with the increasing proportion of TSPP
and TSC and with the decreasing levels of DSP (Salek et al., 2015).

In addition the latter authors reported the development of hardness values in processed
cheese samples, depending on the composition of the emulsifying salts in ternary mixtures
composed of DSP, TSC and POLY20. It could be stated that the increasing level of TSC and
POLY20 (and with the reducing level of DSP in the mixture), the hardness of the processed
cheese samples increased (Salek et al., 2015). Furthermore, in the same study were also
presented the values of hardness of processed cheese samples composed by the ternary mixtures
of emulsifying salts of TSC: TSPP:POLY 20. When the proportion of POLY 20 was at zero levels
in the ternary mixtures of emulsifying salts, firmer processed cheese samples were reported
than samples composed of TSC and TSPP (at a ratio 1:1). In addition, any deviation from this
ratio resulted in significant hardness decrease. Hence, this phenomenon was only observed in
the absence of POLY20 (in the mixture of emulsifying salts). On the contrary, with the
increasing proportion of POLY20, the hardness of the processed cheese samples increased.
Moreover, at constant levels of POLY 20 the hardness of the samples slightly decreased as the
level of TSC decreased (Salek et al., 2015).

The explanation of the above-mentioned results in processed cheese samples developed
by the application of ternary mixtures of monophosphates, diphosphates, polyphosphates and
trisodium citrate could be based on the specific properties of the individual phosphates and/or
citrates or their mutual synergic relationship (EI-Bakry et al., 2011; Lu et al., 2008; Mizuno &
Lucey, 2005b, 2007; Shirashoji et al., 2010; Salek et al., 2015). The development of processed
cheese hardness with the use of ternary mixtures containing TSC could be explained by the
ability of the mixture of emulsifying salts to disperse casein. Generally, when a mixture of
emulsifying salts with more intensive ability to disperse casein was applied, the harder
processed cheese was produced. (Burika et al., 2013; Lu et al., 2008; Mizuno & Lucey, 2007,
Shirashoji et al., 2010). In case of TSC and TSPP binary mixtures, a specific ratio was observed
(1:1) which led to the increase of the hardness of the processed cheese samples. However, there
is no clear explanation about the interactions among TSC and TSPP and their involvement in
the development of the casein network. TSC does not participate in the creation of new
networks, and therefore the effect of diphosphates on casein crosslinking would not be
influenced by the presence of TSC (Kalliapan & Lucey, 2011; Lu et al., 2008; Mizuno & Lucey,
2005). Additionally, a possible explanation may be that diphosphates are effective on enhancing
casein proteins gel formation ability only when their concentration is at some optimum level
relatively to the protein content (Mizuno & Lucey, 2007). In general, TSC is applied in mixtures
of trade emulsifying salts and is used in the production of block-type and processed cheese in
slices (Gupta, et al., 1984; Cari¢ & Kalab, 1997; Guinee et al., 2003; Mizuno & Lucey, 2005a,
2007; Shirashoji et al., 2006).

Salek et al. (2015, 2016, 2017; 2020) used different types of natural cheese with varying
maturity degrees. The absolute values of processed cheese hardness were dependent on the
natural cheese type applied. On the other hand, the general trend of the effect of the ternary
mixture composition (DSP, TSPP, POLY20 and TSC) on the processed cheese hardness was
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not affected. Therefore, when the maturity degree increased, the hardness of processed cheese
decreased, but the general trend of the functionality of ternary mixtures (including also TSC)
of emulsifying salts was not affected. In addition, processed cheese hardness increased with the
prolonging of the storage time (up to 60 days), with no significant impact on the general trend
of functionality of the ternary mixtures of emulsifying salts (Dimitreli & Thomareis, 2009; EI-
Bakry et al., 2011; Lu et al., 2008; Salek et al., 2015, 2016, 2017; Shirashoji et al., 2006).

Citrates can present some inhibitory effect on microorganisms which can cause spoilage
of processed cheese (mainly due to production of gas). On the whole, the antimicrobial effect
of polyphosphates, orthophosphates or monophosphates is characterized as better in
comparison to citrates (Bunkova & Burka, 2017).
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4. Selected factors affecting the functional properties of processed
cheese

4.1 The impact of natural cheese and dairy fat source on the textural and rheological
properties of processed cheese

Many types of natural cheeses could be used during the production of processed cheeses.
Different geographical regions (countries) usually use various types of natural cheese. Hence,
Dutch-type, Swiss-type, Cheddar-type, Mozzarella-type chesses are commonly applied in the
European countries. However, white-brined cheeses are frequently used in the regions of Near
East and Middle East. For processed cheese structure and consistency is not important only the
type of natural cheese, but also “age” of natural cheese so-called degree of maturity (Guinee et
al., 2004; Cari¢ et al., 1985; Kapoor et al., 2007; Kapoor & Metzger, 2008; Salek et al., 2015,
2016, 2017). Many biochemical and microbiological changes are taking place during the natural
cheeses ripening. These biochemical and microbiological changes are responsible for
organoleptic and physicochemical properties of natural cheeses, which are crucial for the
processed cheese properties. In the work of Brickley et al. (2007, 2008), Buiika et al. (2013,
2014), Salek et al. (2016, 2017) was reported that, when the maturity degree of natural cheese
increases, the hardness of the resultant processed cheese is decreasing. Furthermore, more
mature natural cheese with more hydrolyzed protein chains entail better meltability and fullness
of aroma in the final processed cheese. However, there is a risk of a sharp to pungent taste and
above all, instability of the final product, because short protein chains are not able to bind water
sufficiently. In addition, there is a risk of fat release (oiling-off), because short protein chains
do not have the required emulsifying capacity (Berger et al., 2002; Guinee et al., 2004; Piska &
Stétina, 2004). In practice, this problem is usually solved by processing raw material with a
higher level of intact (non-hydrolyzed, or very slightly hydrolyzed) casein. Young natural
cheeses (less mature) are cheaper compared to middle or high maturity cheeses. These young
natural cheese result in lower values of meltability in processed cheese, but the resulting
network of processed cheeses is stable without a tendency to release water. Consistency of
processed cheese manufactured from young raw material is from stiff to very firm (solid).
Therefore, a larger proportion of younger natural cheese is applied for the production block-
type processed cheese or processed cheeses intended for slicing (Guinee et al., 2004; Brickley
et al., 2007; Lu et al., 2007; Salek et al., 2016). Moreover, for the manufacture of spread-type
processed cheese it should be used a more mature natural cheese (as the main raw material).

Additionally, processed cheese manufacturers apply different sources of milk fat
(containing various amounts of surfactants, such as phospholipids, lipoproteins, glycoproteins).
In case of butter and anhydrous milk fat, is possible (due to the technology of their production)
to except extremely small amounts of surfactants. On the other hand, in case of cream and
natural cheeses, fat is in the form of fat globules (with lipoproteins membranes containing
surfactants). These surface-active substances can cooperate over fat re-emulsification during
processed cheese production and their concentration can affect final product rheological and
textural characteristics. In addition, the influence of dairy fat source with various surface-active
compounds content on the viscoelastic properties of processed cheeses was studied by
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Cernikova et al. (2018b). Natural cheese with various level of fat (ingredient containing fat
globules coated in surface-active compounds) and butter (fat without surface-active
compounds) were used in different ratios to reach 50% w/w fat content in the final product.
According to the above-mentioned authors the effect of various fat content originating from
natural cheese was not significant. The latter observation is important for processed cheese
producers, because they can utilize the basic raw material (natural cheese) with different fat in
dry matter content without consistency defects.

4.2 The effect of melt pH on the textural and rheological properties of processed cheese

Spreadable processed cheeses have pH optimum in range 5.6 — 6.0, processed cheese
blocks are characterized pH 5.0 — 5.5 (Berger et al., 2002) and cheese sauces are determined
pH in value 6.5 — 7.0. This means that a lower pH of processed cheese than the optimum (specify
for each type of product) occurs to the solid or even crumbly consistency of processed cheeses
(Marchesseau et al., 1997; Lee & Klostermeyer, 2001; Muslow et al., 2007; Barth et al., 2017),
which exhibited a harder and more brittle appearance than processed cheeses with higher pH
(6.0 — 6.8), that showed a more liquid texture, resembling a very viscous liquid (Barth et al.,
2017). Higher pH than optimum value can cause not only a watery texture but there exists also
the risk of undesirable microflora development. Therefore, it is necessary to carefully consider
the choice of emulsifying salts for each type of product and choose specific combination for the
achievement of the optimal pH. If the raw materials have low pH (e.g. curd), it is absolutely
essential to choose emulsifying salts which will increase the pH of the system and vice versa,
if more mature natural cheeses are used for production, it is advisable to apply emulsifying salts
adjusting the pH to a more acidic range. Barth et al. (2017) studied how pH influences the
hydrolysis of sodium polyphosphate in dairy matrices and the structure of processed cheeses.
The latter authors stated that hydrolysis of sodium polyphosphates increased with the
decreasing pH value. In processed cheeses with initial pH of 5.2 and 5.6, the final pH remained
practically constant, because the higher rate of hydrolysis (at these pH values) increased the
percentage of monophosphates (buffering agents), which are able to maintain unaffected pH
values. Decreasing the pH value caused the rising of hardness, adhesiveness, and gumminess
of the processed cheese. Higher pH (above 6.0) values resulted in a concentrated protein
emulsion with “long” texture and less adhesiveness. The negative charges of the caseins allow
the formation hydrogen bonds and electrostatic interactions, which enhance the absorption and
binding of water by the protein matrix. The long chain polyphosphates added multiple negative
charges to the caseins and thus, the hardness of the matrix decreased.

However, emulsifying salts do not affect the consistency only due to pH value. Many
studies established specific ratios of emulsifying salts. Furthermore, each emulsifying salt has
specific properties and in selected/specific ratios can influence the consistency of the developed
processed cheese differently (Mizuno & Lucey, 2005, 2007; Shirashoji et al., 2006, 2010;
Sadlikova et al., 2010; El-Bakry et al., 2011; Weiserova et al., 2011; Buika et al., 2013;
Nagyova et al., 2014; Salek et al. 2015, 2016, 2017). In these studies, the authors described the
use of individual emulsifying salts, binary and ternary mixtures of emulsifying salts and their
effect on processed cheese textural and rheological properties. Additionally, the total
concentration of the applied emulsifying salts can influence the consistency of processed
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cheese. Buiika et al. (2014) stated that the hardness of processed cheese increases with the rising
concentration of emulsifying salts in the mixture. The same statement was also reported by
Mozuraityte et al. (2019).

4.3 The impact of target parameters, holding time, agitation speed, melting temperature,
cooling rate and storage time on processed cheese textural and rheological properties

Target parameters

A very large group of factors affecting the consistency of processed cheeses are target
parameters, especially dry matter content, fat in dry matter content, non-fat dry matter,
percentage of protein content in dry matter content, and pH. As a source of protein could be
applied nature cheeses which are also source of fat, curd, caseins, and other ingredients describe
in previous chapter. Similarly, it can be talk about fat sources. It can be used milk fat in different
form as butter, cream, natural cheeses, and anhydrous milk fat and then could be used non-dairy
fat sources as different type of oils. It is also mentioned above. About target parameters are not
many comparable works to be done in the last 20 years. Articles which exist about that
(Dimitreli & Thomareis 2004; 2007; 2008), Bayarri et al. (2012), Guinee & O'Callaghan (2013),
Chatziantoniou et al. (2015), Lee et al. (2015) and Cernikova et al. (2017a), are relatively
difficult to compare to each other and to look for clear trends in influencing the consistency of
processed cheese, because individual experiments were usually performed under different
conditions (in terms of final processed cheese parameters (especially dry matter and fat in dry
matter content) and the composition of the raw material mixture, as well as in terms of the
process parameters used in production of processed cheese model samples.

The dry matter content and the fat in dry matter content are one of the most important
parameters. The limits or ranges of these parameters are usually incorporated to the food law.
These are also the basic parameters according to which processed cheese are often divided in
terms of consistency into processed cheese blocks, processed cheeses intended for slicing,
processed cheeses with a quarry, spreadable processed cheeses, or processed cheese sauce.

Lee et al. (2015) studied the influence of protein content (10 — 20 % w/w) and fat content (0 —
40 % wi/w) on viscoelastic properties of model samples of processed cheeses made from sweetly
(rennet) precipitated casein, melting temperature 85 °C, stored for 24 hours. With increasing
protein content and decreasing fat content (constant ratio protein: water, changeable dry matter
content) growing processed cheese firmness. Influence of protein content was found out more
significant in comparison to fat content. Guinee & O’Callaghan (2013) prepared for their work
processed cheeses from Cheddar and defatted cheese at a melting temperature 80 °C. Final
processed cheeses hade different contents of fat (14 — 33 % w/w) and different contents of
protein (25 — 12 % wi/w). Dry matter content (46 — 47 % w/w) was constant. Cheeses were
stored for a maximum of 4 days. The firmness decreased with increasing fat content (reducing
ratio protein: fat). Dimitreli & Thomareis, (2004; 2007; 2008) examined viscosity, textural and
viscoelastic properties of processed cheeses (manufactured from Gouda at a melting
temperature 80 °C) with different dry matter content (38 — 62 % wi/w), protein content (11 —
30 % w/w) and fat content (12 — 23 % wi/w). All cheeses were storied only 24 hours. The
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firmness of processed cheeses decreased with the decreasing dry matter content and protein
content and with increasing fat content. Bayarri et al. (2012) and Chatziantoniu et al. (2015)
sold specific processed cheeses made from whey cheese and at the same time examined the
influence of the content components on the consistency of commercially available processed
cheeses. Both authors presented increasing firmness with decreasing fat content. Cernikové et
al. (2017a) studied consistency and microstructure model processed cheese with two dry matter
content (35 % and 45 % (w/w)), two fat in dry matter content (40 % and 50 % (w/w)), melting
temperature 86 °C, and storage 14 days. When assessing the effect of one parameter (e.g. dry
matter content), the other parameter (in this case the fat content) was constant and vice versa.
It was found that with increasing dry matter content (with constant fat in dry matter content)
and decreasing fat in dry matter content (while maintaining dry matter content) the gel strength
was increased. At the same time, an interaction factor (z) increased, it means the number of
interacting structural units in the protein network was higher. Furthermore, it has been shown
that with increasing fat in the dry matter content (at a constant dry matter content), the diameter
of the fat globules increased and at the same time the firmness of the processed cheeses
decreased. The protein to fat ratio was ~ 1: 0.85 for model processed cheeses with 40 % (w/w)
fat in dry matter content and ~ 1: 1.30 for products with 50 % (w/w) fat in dry matter content.
The relatively lower amount of proteins, especially caseins, which act as emulsifiers in
processed cheeses, caused a lower degree of fat emulsification, which was reflected in
increasing of the fat globule’s diameter. Larger fat globules can disrupt the continuity of the
protein matrix much more than smaller fat globules and produce a softer, more spreadable
processed cheese. On the other hand, processed cheeses containing a larger number of smaller
fat globules give rise firmer and less spreadable processed cheese (Kapoor & Metzger, 2008;
Lee etal., 2003). Increasing the dry matter content (with a constant fat content in the dry matter)
and thus increasing the relative concentration of proteins, which increase the emulsifying ability
of the system, was reflected in a decrease in the diameter of the fat globules and at the same
time an increase in firm stiffness of processed cheese. Lee et al. (2015) also established that
with increasing protein content reach the fat globules lower size. Increasing of apparent
viscosity with rising protein concentration in model samples described also Lenze et al. (2019),
who proved the necessity minimally 15 % (w/w) of protein to reach an apparent viscosity over
then 1.0 Pa-s™* at time approximately 200 minutes.

So, with increasing nitrogenous substances (under the same condition) grow firmness
and decrease spreadability. This fact is explained by rising intensity of protein network, because
nitrogenous substances are primarily “network building or supporting stuffs” and they need to
meet other protein molecules to increasing the number of interactions with following protein
aggregation and gel (network) formation. Lenze et al. (2019) also assumed that increasing
protein concentration including para-caseinate can better and quickly adsorb on the stuffs
surface at the oil-water interface, thereby decrease interfacial tension and facilitate emulsion
stabilization. On the other hand, under the same condition, increasing water and in water soluble
saccharides, or fat content, or other water content ingredients is protein matrix much more
damaged three-dimensional network in processed cheese, which lead to less solidity and more
spreadable processed cheese.
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Holding time

Sutheerwattananonda et al. (1997) studied the effect of the holding time 0 — 15 minutes

at the melting temperature 65.5 °C on the distribution of fat globules in processed cheese blocks
and observed the decreasing fat globules size (the emulsification improved) in the first five
minutes holding time at the melting temperature. The reduction of fat globules size had a
consequence harder processed cheese and was stopped after 5 minutes holding time. Further
extension of holding time did not have the significant effect on the size of fat globules. Bowland
& Foegeding (1999) studied the effect of processing time on the consistency of processed
cheese blocks prepared from rennet casein. Authors chose 10, 20, and 30 minutes holding time,
80 °C melting temperature and constant agitation speed (first three minutes 300 rpm (only
rennet casein) and, than other ingredients were added and samples were mixed at 2000 rpm).
The strength of the processed cheese gel increased with the prolonged melting time. On the
other hand, Swenson et al. (2000) studied the effect of holding time (0 — 20 minutes) on the
final consistency of fat-free processed cheese spread. They used lower melting temperature,
specifically 75 °C, than Bowland & Foegeding (1999), the agitation speed was constant but not
exactly mentioned. In this case, the opposite result, the extending holding time cause decreasing
firmness of processed cheese product, was found. Lee et al. (2003) described the viscosity
changes of the hot melt. In this work, the viscosity riced for the first 25 minutes and then, after
reaching the local maximum, the viscosity of hot melt slowly fell to the end of the measurement
(50 minutes). The final consistency of cooled products did not evaluate. Norohna et al. (2008a)
investigated the effect of different agitation speed in range 100 — 1500 rpm at the point of 80
°C with a constant endurance 2 minutes on the consistency of melted cheese blocks. The final
consistency of processed cheese block was stiffer with increasing agitation speed. Similar result
published Ptikryl et al. (2018), who stated rising value of complex modulus with prolonged
holding time (0, 5, 10 minutes) at melting temperature 80 °C and 90 °C and constant agitation
speed 1500 rpm. Articles mentioned-above studied separately one of the important processing
parameters, holding time, or melting temperature, or influence of special ingredients.
A comprehensive work, which would consider the both effect of the mixing speed and the
holding time of the melting temperature was published by Cernikova et al. (2017b, 2018c).
Different in these articles was in usage processed cheese samples with various fat in dry matter
content (40 % and 50 % (wW/w)).

Cernikova et al. (2017b) dealt the combined effect of the agitation speed of the knives
of the production equipment (1000, 1500 and 3000 rpm) and the holding time (0 — 20 minutes)
at a melting temperature of 90 °C on the consistency of spreadable processed cheeses with 35
% (w/w) dry matter content and 40 % (w/w) fat in dry matter during 60 days of storage. The
holding time of the melting temperature was divided into shorter intervals than in previous
publications. First, a holding time of 0 minutes was selected, when the melting process was
completed after reaching the melting temperature. Furthermore, the melting temperature
endurance was extended to 1, 3, 5, 7, 9, 11, 13, 15, 17 and 20 minutes. After reaching the
melting temperature, the melt was constantly stirred at the set speed during the mixing. The
monitored residence time intervals were chosen to map the effect of blending time more
precisely on the consistency of processed cheeses. It was found that both parameters
significantly affected the consistency of processed cheeses. As the melting temperature
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continued, the firmness of processed cheeses generally increased, similarly to Bowland &
Foegeding (1999). The exception was the lowest endurance times (one day after
manufacturing), when model samples produced with an endurance of one minute showed lower
stiffness compared to samples produced without any endurance, which were not reported by
previous authors. A downward trend in stiffness (weakening of the protein matrix) for one
minute was observed for all three mixing speeds used. The decreasing complex modulus which
determinates hardness of processed cheese, was supported by the detected decrease in gel
strength (Ar) and interaction factor (z). With a further increase in the holding time of the melting
temperature above 3 minutes the stiffness of the model samples increased with increasing
holding time for all observed knife speed intensities (1000, 1500 and 3000 rpm). There was
exception in 3000 rpm 1 day after storage. In this case was noticed further decrease of complex
modulus value. However, there was no significant difference between processed cheese
production at the agitation speeds of 1000 and 1500 rpm (melting temperature 90 °C 1 and 3
minutes). A similar trend in rising the strength and coherence of processed cheese was observed
by Sutheerawattananonda et al. (1997) and Bowland & Foegeding (1999). However, Cernikové
et al. (2017b, 2018c) used higher melting temperature than above-mentioned authors
Sutheerawattananonda et al. (1997) who applied 65.5 °C and Bowland & Foegeding (1999)
who used 80 °C which is closer to typical industry melting temperature. The increase in
firmness of processed cheeses is explained by Sutheerawattananonda et al. (1997) by reducing
the size of fat globules, where a larger number of small fat globules disrupt the continuity of
the protein matrix less intensively compared to the presence of a smaller number of order of
magnitude larger fat globules. Simultaneously with the decrease in the size of fat beads, the
authors found that the stiffness of the monitored samples also increases with increasing holding
time. However, the above-mentioned authors also stated that the reduction in the size of the fat
globules stops after about 5 minutes. Therefore, in this matrix, where the increase in stiffness
occurred even with longer melting temperature durations (in addition to the effect of decreasing
the size of fat globules), other interactions can be expected (especially more intensive hydration
of caseins and increase in the number of their bonds), which contribute to increasing stiffness
and are supported by more extensive melt mechanical stress (Bowland & Foegeding, 1999; Lee
et al., 2003). The biggest and rapid increase of z-factor was observed et the highest used
agitation speed (3000 rpm) from 10™ minutes. Similar trend initial firmness decrease up to 3th
minutes and following increase of firmness (determined G*), as in work Cernikové et al.
(2017b) who research semi-fat processed cheeses, was noted by processed cheese samples with
higher fat in dry matter content (full fat processed cheeses) in study Cernikova et al. (2018c).

Agitation speed

As it was mentioned above, not only the holding time, but also the agitation speed
fundamentally affected the consistency of the model processed cheeses. In the literature exist
two different conclusions. Noronha et al. (2008a) reported more rigid final products processed
cheese block with increasing agitation speed. They used melting temperature 80 °C, agitation
speed 100 — 1500 rpm (750, 1125 and 1500 rpm in Stehpan and 100 or 200 rpm in Blentech
cooker) and constant holding time 2 minutes. On the other hand, Cernikova et al. (20170,
2018c) recorded softest samples were made at 1500 rpm, then at 1000 rpm agitation speed.
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With using the highest agitation speed (3000 rpm) were prepared the most solid spreadable
processed cheese samples. The difference in results may be due to the type of processed cheese
blocks versus spreadable processed cheeses, various melting temperature, lower mixing speeds
and shorter holding time.

Melting temperature

Processed cheeses can be produced by many melting temperatures in ranges 85 — 110 °C

(Kapoor & Metzger, 2008) or 72 — 145 °C (Tamine, 2011). Some authors described also lower
temperature 65 °C, Sutheerawattananonda et al. (1997). Higher temperatures (135 — 145 °C)
are used especially during continuous production in compare to lower melting temperature in
discontinuous equipment. Generally, for processed cheese blocks can be used lower
temperature than for spreadable processed cheeses. But it is also possible to produce block
processed cheeses by the higher melting temperature with adaptation other production
conditions such as type of melting equipment and agitation speed (Guinee, 2003; Guinee et al.,
2004; Tamine, 2011).
Influence of consistency by melting temperature was studied by Kalab et al. (1987) and
Dimitreli & Thomareis (2004), who report that when the melting temperature increases, the
viscosity of melt decreases and the size of the fat globules decreases, which is accompanied by
an increase in the stiffness of the final product. On the other hand, Swenson et al. (2000) studied
the effect of temperature in the range of 60 — 90 °C on the consistency of defatted processed
cheese spreads. Their work showed decreasing in the firmness of fat-free processed cheeses,
with increasing melting temperature in the range from 60 — 80 °C. The increasing firmness of
these fat-free processed cheese spreads was observed at melting temperature 90 °C. An increase
of processed cheese spread firmness produced at 90 °C was observed also by Piikryl et al.
(2018) in all batches produced (control samples without biologically active substances as well
as samples containing rutin and quercetin) compared to samples produced at 80 °C. This
conclusion was valid for the defatted processed cheeses and also for full fat processed cheeses
with 50 % (w/w) fat in dry matter content. Similar, Mozuraityte et al. (2019) studied different
creaming time (1.5, 3.0, 4.5 minutes) at various creaming temperature (45, 55, 65 °C), the final
melting temperature (95 °C) was holding 6 minutes, but authors stated that, the creaming
temperature was not crucial for the final consistency of processed cheese product. In this case
is important to say, that in chapter 6 is creaming describe like something different.

Cooling rate and storage time

The final consistency (described by textural and rheological characteristics) of processed
cheese can be influenced by the cooling rate. Piska & St&tina (2004) reported that higher cooling
rate can lead to the less firm, more spreadable and with elevated stickiness processed cheese.
In addition, high cooling rate of processed cheeses provides more extensively presence of the
B” polymorph compare to the B polymorph which is usually observed in bulk milk fat (Ramel
& Marangoni, 2017). The above-mentioned authors also reported that the presence of protein
and/or other ingredients can led to higher changes of the B” polymorph to § polymorph (Ramel
& Marangoni, 2017). On the other hand, when the conditions and other parameters (including
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the dry matter content, fat in dry matter content, melting temperature, holding time and agitation
speed) are the same, lower cooling rate provides rise to stiffer products final processed cheese
products. In the same token, higher cooling rate is required for the production of spreadable
processed cheese, while relatively low cooling rate is suggested for the manufacture of block-
type processed cheese (Muslow et al., 2007). In the case of processed cheese spreads and
especially processed cheese sauces, lower rate of cooling can cause the product to remain at
temperatures suitable for the growth of microorganisms for a longer period of time, and this
may lead to undesired multiplication of contaminating microflora (Gérner & Valik, 2004).
Processed cheese storage, together with some other processing parameters (agitation
speed, holding time, melting temperature), one of the most important factors affecting the
textural and rheological properties, and thus also the structure of processed cheeses. The
possible sources of processed cheese changes (like appearance, structure, color and flavor)
during storage are e.g. loss of water, hydrolysis of polyphosphates, changes in ionic equilibria,
fat polymorphism, formation of crystals, oxidation, non-enzymatic browning, enzyme activity,
interactions with packaging materials (for other changes than consistency see chapter 10). The
intensity of changes occurring during with the prolonging of processed cheeses storage period
can be induced by ingredients applied, selected processing parameters, packaging type and
storage conditions.
In the work of Cernikova et al. (2017b, 2018c¢) the basic trends, the effects of agitation speed
and holding time at a melting temperature, did not change during the two months of storage
time. However, there was an increase in the absolute values of the elastic and loss moduli of
the model processed cheese samples, a result as corresponding to the findings of other studies
(Awad et al., 2002; Weiserova et al., 2011; Nagyova et al., 2014 and Salek et al., 2015),
respectively decrease of processed cheese elasticity (Younis et al., 1991). The explanation of
this phenomenon in particular the possible hydrolysis of emulsifying salts — diphosphates and
polyphosphate, the possible change in the dissociation of the salts or other compounds present,
the decrease in the pH values of processed cheeses and also the polymorphism of milk fat and
ongoing changes in its crystalline form where ” polymorph change to B polymorph (Awad et
al., 2002; Muslow et al., 2007; Dimitreli & Thomareis, 2009; Shirashoji et al., 2010; Weiserova
et al., 2011; Nagyova et al., 2014). Increasing dry matter content during processed cheese
storage period (due to water evaporation in dependence on permeability of packaging material)
could be other reason to increase the firmness of processed cheese (Fox at al., 2004;
Mohammadi & Fadaei, 2018). Weiss et al. (2018) wanted to prepare mathematical models as
predictive tool for the assessment of changes in quality parameters during the storage of
spreadable processed cheese at 8, 20 and 30 °C. During 4 monthly the storage at 8 °C was found
only minor no significant changes. At the storage temperature 20 °C were identified dynamic
changes which significantly decreased quality of processed cheese product, but the highest rate
of changes was registered at the storage temperature 30 °C. Reactions in the processed cheeses
led to the negative taste, smell and changes in consistency and authors recommended the
approximate shelf-life limit for spreadable cheeses stored at 8, 20 and 30 °C without significant
changes in its quality on the 49, 28 and 4 days (Weiss et al., 2018). Which does not fully
correspond to the commonly storage condition for processed cheeses, because processed
cheeses can be stored also at a room temperature for 4 months or 6 months in a refrigerator.
Also, Schir & Bosset (2002) described processed cheese as “semi-preserved food” with a
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limited shelf-life, they allege that products without bacterial spoilage retain their quality for 4
— 12 months at room temperature and under the lower storage temperature for long time,
because lower temperature cause more slowly changes in quality processed cheeses.

4.4 The effect of rework addition on processed cheese textural and rheological properties

Rework (sometimes also reported as a pre-cooked cheese) is a processed cheese that has
already been produced and the creaming process has previously occurred. Manufacturers apply
rework as a raw material during the production processed cheese. In addition, exist different
types of rework. In particular, rework is produced in the industry either intentionally (expected)
or unintentionally. Hence, intentionally means that the production of processed cheese was
targeting the development of rework or the rework is the residual amount of processed cheese
in production apparatus. The term unintentionally rework describes a processed cheese
originally intended for the retail market network, however it was not “released” in the market,
due to some deficiencies (incorrect dry matter content and/or fat in dry matter content or
because of unsuitable packaging, or excessive stickiness on the packaging material). Rework is
usually applied as fresh (a processed cheese residue in the production apparatus), 3 or up to 14
days after manufacture (it could be intentionally or unintentionally produced processed cheese)
in a level up to 20 % (w/w), depending on the type of rework and also the desired target
parameters of the final processed cheese (Kalab et al., 1987; Guinee et al., 2004). The reasons
for rework application are on the one hand economic and on the other hand to increase
processed cheese viscosity, increase hardness, improve meltability and possibility of
emulsifying salts reduction (rework contains emulsifying salts) (Lauck, 1972; Kalab et al.,
1987; Pluta et al., 2000; Kapoor & Metzger, 2008; Cernikova et al., 2018a). According to Kaldb
et al. (1987) are available three types of rework: (i) the fresh rework (produced and rapidly
frozen immediately after production), (ii) the regular rework from previous manufacture
batches and (ii1) the so-called hot melt, simulating processed cheese subjected to extreme stress
conditions (cooled from 82 °C to 4 °C in 5 hours). Furthermore, another rework type according
to Mayer (1973) is referred as over-creamed. In general, each type of rework can be utilized for
various reasons and in various levels. Hence, the first type of rework (fresh) can be applied in
an amount ranging from 1 to 2 % (w/w) in order to increase the creaming of processed cheese
spreads, containing higher level of matured natural cheese. In addition, the second type of
rework is used for processed cheese blocks or block-type processed cheese in concentration
ranging from 2 up to 30 % (w/w), to increase hardness and elasticity. Finally, the third type of
rework (over-creamed) is applied in a quantity less than 1 % (w/w), because it has an
extraordinarily strong creaming effect and could easily lead to deficiencies the final processed
cheese (over-creaming). However, Lauck (1972) recommended that the rework addition should
be between 2 to 15 % (w/w). Guinee et al. (2004) evaluated the application of individual rework
types in processed cheese production. Furthermore, additional heating of rework can cause a
higher degree of temperature-induced dehydration and aggregation of the para-casein (mainly
the third type of rework) and increase the elasticity of the final product. Moreover, the
emulsifying salts in rework can create more effective dispersion resulting in faster hydration,
higher degree of emulsification (effective dispersion of fat) leading to product viscosity
increase. The impact of different rework amount on the viscoelastic properties and
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microstructure of spreadable processed cheeses was reported in the work of Cernikova et al.
(2018a). The later authors applied rework at a range of 0 — 20 % (w/w) using real industrial
conditions. The rework was prepared from the same raw material (natural cheese) as processed
cheeses and was added to the blend of ingredients 3 days after the production day and was
stored at 6 + 2 °C. The consistency of processed cheeses without rework was characterized as
soft (samples reported the lowest values of elastic and loss moduli and the largest size of fat
droplets) compared to samples prepared without addition of rework. The processed cheese
firmness increased with the quantity of rework and simultaneously, the size of fat droplets
gradually decreased, which means increasing emulsification properties with the further rework
addition. Higher concentration of rework from 10.0 to 20.0 % (w/w) did not provide significant
changes in the processed cheese consistency, express by viscoelastic properties (complex
modulus; G*) and also the median of fat droplet size was smaller than in the case of lower
rework addition. Moreover, the addition of rework affected the intensity of the emulsification
of the present fat, which was demonstrated by the reduction of the fat droplets size. As the
degree of fat emulsification grew, the processed cheese firmness increased, corresponding with
the findings presented by Kapoor & Metzger (2008), Lee et al. (2015) and Cernikova et al.
(2017a). However, these results are contradict to those reported by Kalab et al. (1987), who
used block-type processed cheese with higher dry matter content.

In addition, Fu et al. (2018) used four types of rework (pre-cooked cheeses) in amounts
1.5 % (w/w) with different agitation speeds [400 or 1500 rpm (rounds per minute)] and total
stirring times (10 or 30 minutes), PCLS (400 rpm, 10 min), PCLL (400 rpm, 30 min), PCHS
(1500 rpm, 10 min), PCHL (1500 rpm, 30 min), the final melting temperature was 90 °C and
rework was used 24 hours after production and was stored at 5 °C. The viscosity of products
with short time mixing were smooth without any increasing of viscosity (the creaming effect
did not occur). The addition of long time (30 minutes) rework (PCLL, PCHL) influenced the
viscosity of processed cheese samples which increased and the creaming effect was enhanced
during processing. The application of PCHL showed higher increase probably due to advanced
agitation speed. This study showed that the rework in amount less than 1.5 % (w/w) produced
with longer mixing time had a capacity to increase the viscosity (to induce the creaming effect)
of processed cheese manufacturing only for 15 minutes, due to fine-stranded network. Lenze et
al. (2019) stated that rework addition [5 and 10 % (w/w)] dramatically accelerated the creation
of the new structure. During creaming was observed very short initial phase (to 10 minutes),
when exponential phase started earlier, and the apparent viscosity of the matrix increased very
sharply. Plateau phase was shorter and in higher level of apparent viscosity in comparison to
samples developed without rework addition. Rework addition in amount 10 % (w/w) caused
faster structure formation than 5 % (w/w) supplement (Lenze et al., 2019).

4.5 The impact of hydrocolloids and food additives addition on the textural and
rheological properties of processed cheese

Hydrocolloids can be classified also as biopolymers. In addition, hydrocolloids include
two categories of substances —proteins and polysaccharides, that are widely used for their
physicochemical characteristics, primarily water binding, increasing of system viscosity
(thickening), ability to create gel structures, stabilizing foams, emulsions, or dispersions and
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decreasing water release (control of the syneresis phenomenon), secure temperature stability,
control release of flavors etc. Hydrocolloids can be also applied for end-product price reduction.
Even though they are added in very low level [commonly less than 1.0 % (w/w)], they can have
a significant influence on the textural/rheological and sensory properties of the final food matrix
(Lu et al. 2007). Hydrocolloids can be used in dairy systems (not only in processed cheeses)
separately or in mixtures of these (Swenson et al., 2000; Vega et al., 2005; Cernikova et al.,
2008; Macki et al., 2008; Chatziantoniou et al., 2019).

Proteins are present in processed cheeses by caseins or caseins fragments, sometimes by
the use of whey proteins. Sometimes may be encountered the application of other animal-origin
proteins (gelatin) or plant-origin proteins (isolated from soybean and pea) into processed cheese
or their imitations. Furthermore, gelatin in an amount of 2 % (w/w) was applied by Swenson et
al. (2000) for the production of processed cheese free of fat. The consistency of the latter
products was more firm compared to full-fat processed cheese (a reference sample). Native
whey protein isolate and polymerized whey protein isolate in an amount of 2, 4, 6 % (wW/w)
were investigated as partial fat replacements in processed cheese. Thus, the final structure of
these products was different (Nastaj et al., 2020).

In addition, the second large group of hydrocolloids which are used in the food industry are
polysaccharides. In particular, processed cheese manufacturers can use polysaccharides
extracted from plants (starch and pectin; native or modified), from seeds (guar or locust been
gum), tree exudates (arabic, karaya, tragacanth gums) or polysaccharides from algae sources
(agar, carrageenan, furcellaran, alginate). The last group of polysaccharides, which can be used
in processed cheese production, originate from microorganisms (xanthan gum). Hydrocolloids
have to comply with food law, which content different requirements in EU (e.g. Regulation
(EC) No 1333/2008 of the European Parliament and of the Council on food additives, as
amended) and in USA (requirements Code of Federal regulation). In both case all of ingredient
must be healthy and used in permission amount (Europa, 2008; USA, 2020). Locust bean gum,
guar gum, xanthan gum, gum karaya, tragacanth, carrageenan, carboxy-methyl-cellulose,
sodium alginate, propylene-glyco-alginate, gelatin are allowed as additives to the spreadable
processed cheeses in concentration up to 0.8 % (w/w) due to specific interaction with caseins
proteins (USA, 2020). Most of them are used in limited amount up to 0.8 % (w/w)
(Chatziantoniou et al., 2019). Processed cheese containing xanthan gum, guar gum, locust bean
gum and mixtures of xanthan and guar gums showed less consistensy and solid structure, while
their spreadability and smoothness was higher (compared to control samples). Furthermore,
largest fat globules and higher levels of spreadability were established in the samples with
xanthan gum addition. On the other hand, the smallest fat globules were observed in the samples
prepared with a mixture of locust bean gum and k-carragenan, which also presented lower
values of spreadability and exhibited the highest hardness. Simmilar results were reported in
samples containing mixtures of locust bean and xanthan gums. In both cases were noted
synergistic effects resulting in increased firmness and decreased spreadability. In case of partial
substitution of k-carragenan with guar or xanthan gums, were produced samples with decreased
hardness and increased smoothness and spreadability (Chatziantoniou et al., 2019). There are
many studies focused on application 0.1 — 1.0 % (w/w) of carrageenan into processed cheese.
The authors observed that with the increasing carrageenan level up to 1.0 % (w/w), the hardness
of the processed cheese increased (Ribeiro et al., 2004; Gustaw & Mleko, 2007; Cernikova et
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al., 2008). In addition, 0.2 % (w/w) of carrageenan can cause a reduction in processed cheese
stickiness onto the packaging material (Gustaw & Mleko, 2007). Cernikova et al. (2008)
reported that a concentration of 0.05 % (w/w) was too low for effective increase of processed
cheeses hardness. However, higher concentrations (0.15 % and 0.25 % (w/w) caused significant
increase of model processed cheese hardness in comparison to the control sample prepared
without carrageenan addition. This fact was previously presented by Bourriot et al. (1999).
Probably exists a minimum concentration of carrageenan for the effective formation of a
carrageenan network. Moreover, this limiting amount is in dependence with many factors (such
as strength of the protein matrix, degree of protein hydrolysis, pH, ionic environment, etc). On
the other hand, Syrbe et al. (1998) brought out the information about possible destabilization
and disintegration of the developed system with further increasing of carrageenan
concentration. Carrageenan in an amount of 0.5 — 3.0 % (w/w) can also be applied in order to
reduce the natural cheese content addition during the processed cheese manufacture (Williams
& Phillips, 2009).

As a stabilizer for low fat processed cheeses can be applied also the konjac glucomannan
(gum), locust bean gum, guar gum etc. (Swenson et al., 2000; Da Silva et al., 2016). Da Silva
et al. (2016) used 0.5 % (w/w) of konjac glucomannan or konjac flavor in processed cheese
samples with fat reduction (25, 50, 75, 100 %). The highest value of hardness was reported for
samples with 50 % fat reduction. The effect of fat replacement by inulin on the physicochemical
properties of processed cheese was studied by Sotowiej et al. (2015), who observed decreased
hardness and adhesiveness of low-fat processed cheese in comparison to control full-fat
processed cheese. On the other hand, Giri et al. (2017) reported decreasing values of
spreadability with the increasing concentration of inulin [tested level were within the range of
0 -8 % (w/w)].

Furthermore, another hydrocolloid applied in processed cheese production is pectin.
Gels created by low esterified pectin are dependent on many factors such as, solubility and
concentration of pectin, pH of the system, content and availability bivalent cations (especially
Ca?" ions). Affinity of pectin chain to calcium grows with the decreasing degree of esterification
and increasing concentration of polymer (May, 2000; Lofgren et al., 2007). Moreover. the
addition of carbohydrates can facilitate gel formation although the concentration of Ca** ions
might be low (Fu et al., 1999). The gel strength increases with rising calcium content (Lootens
etal. 2003). The rising pectin content resulted in the rose of processed cheese hardness, whereas
this relation (processed cheese rigidity on pectin concentration) was found not to be linear.
(Mackd et al., 2008).
In addition, many types of starch exist which can be used as ingredients into processed cheese.
Starches are usually applied in processed cheese as texture modifiers. Some producers take
advantage of starch in order to replace part of the used natural cheese or for the production of
processed cheese analogues. Mounsey & O’Riordan (2001) described lower meltability in the
final processed cheese after application of various types of starch with low amount of amylose
[wheat, potato, rice starch — in a total concentration of 3 % (w/w)]. They explained that the
meltability decrease was resulted by partial protein dehydration and more intensive protein
interactions. According to Mounsey & O’Riordan (2001) is important not only the source of
starch, but also its structure. In particular, starch with low content of amylose can cause lower
values of hardness, when used in an amount of 3 % (w/w). On the other hand, when this type

46



of starch will be applied in higher concentrations [more than 5 % (w/w)], the result could be
increasing hardness of processed. Trivedi et al. (2008a) reported increasing values of complex
modulus and viscosity in dependence with starch type and amount. The same authors also
evaluated the possibility of partial replacement of natural cheese with cheaper ingredients like
starch. The effect of tapioca and potato starch on the mechanical properties and microstructure
of processed cheese with different types of casein network were evaluated by Fu & Nakamura
(2018). According to the latter study, tapioca starch addition into processed cheese with random
type of casein structure led to a dispersed casein network structure, so the firmness of the final
product was higher. Moreover, the addition of potato starch led to the creation of a fine-stranded
structure (from initial random structure) of the casein network in the resultant processed cheese.
Hence, these samples presented higher values of hardness.

Hosseini-Parvar et al. (2015) focused on the effect of basil seed gum on the textural,
rheological, and microstructural properties of processed cheese. In addition, basil seed gum is
a novel surface-active hydrocolloid showing promising stabilizing and emulsifying properties
and can be used as a functional ingredient in the food industry. The increasing level of basil
seed gum led to a more elastic character of the processed cheese (the values of elastic and loss
moduli increased). In general, the basil seed gum addition probably contributed to the
emulsification of fat.

Lactose and sucrose are among the substances commonly used in the processed cheese
production, for example in the form of whey, or other ingredients during the manufacture
flavored processed cheese (e.g. chocolate, when producers usually use sugar). Macku et al.
(2009) described the addition of glucose, galactose, lactose, and sucrose in processed cheeses
samples also containing pectin. In conclusion, they reported that the addition of 1.0 % (w/w) of
saccharide can cause the reduction of the gel stiffness, regardless of its reducing or non-
reducing properties, structure (aldose versus ketose; monosaccharide versus disaccharide), or
steric arrangement (epimers). Additionally, with the increasing lactose content, the firmness of
the tested processed cheese decreased (Mack et al., 2009). However, high lactose content can
cause the crystallization of lactose having a negative result on the consistency of the final
processed cheese (Kapoor & Metzger, 2008).

Generally, the addition of emulsifiers supports the emulsification of fat. Thus, with the
addition of an emulsifier the fat droplets become smaller, resulting in increased hardness and
decreased values of spreadability of the tested processed cheese. Buiika et al. (2007) described
the effect of 0.25 % (w/w) monoacid-glycerols (with low chain fatty acidy) addition on
organoleptic properties of processed cheese. However, the above-mentioned authors did not
observe significant effect on the processed cheese consistency. On the other hand, monoacid-
glycerols with C16 and C18 have an impact on the flavor of the final processed cheese and
increasing gel strength was also observed. Moreover, Awad et al. (2002) reported rising
hardness of processed cheeses when emulsifiers were applied for the production of block-type
processed cheese. Lee et al. (1996) stated that the influence of emulsifiers is not depending only
on their emulsifying ability, but also on other properties (ionogenic or non-ionogenic
emulsifiers). Furthermore, ionogenic emulsifiers can modify the charge of the protein fractions
in processed cheese, a phenomenon which can influence the finally consistency of the processed
cheese.
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Therefore, many authors fortified processed cheeses or processed cheese analogues by
so-called biological active (bioactive) substances. The latter can improve the nutritional
characteristics of processed cheeses and similar products. Bioactive ingredients can be applied
in a dry form, extracts or essential oils and include polyphenols, or other ingredients possessing
antioxidant capacity. In particular, flavonoids (rutin, quercetin) were used in the work of Pfikryl
et al. (2018). Furthermore, carrot paste was used by Mohamed et al. (2016), apricot pulp by
Mohamed & Shalaby (2016), tomato juice by Mehanna et al. (2017). Alga Chlorella vulgaris
as a source of antioxidant, protein, fatty acid, fiber, vitamins, and minerals was applied by
Tohamy et al. (2018). Moreover, Sadek et al. (2017) applied probiotics into processed cheese
samples. All the above-mentioned ingredients could affect the processed cheese consistency in
a different manner. The application of tomato juice caused a higher phase separation especially
of oil and a less stable product was obtained (Mehanna et al., 2017). Furthermore, Piikryl et al.
(2018) applied rutin and quercetin in an amount 0.5 % (w/w), which significantly decreased the
gel strength of the resultant processed cheese (when the holding time was 1 min at the melting
temperature of 80 °C). Additionally, higher temperature (90 °C) caused lower values of the
complex modulus in all examined times, in comparison with processed cheese without rutin or
quercetin addition. In the study of Sohli et al. (2020) processed cheeses were fortified with
different levels of asparagus powder, which is a rich source in flavonoids and other phenolic
compounds. In particular, the asparagus powder was added in an amount of 0.5; 1.0; 1.5 %
(w/w) resulting in a more elastic processed cheese, with increased hardness and decreased
values of spreadability.

Moreover, Belsito et al. (2017) and Ferrao et al. (2018) utillized galactooligosaccharides,
respectively xyloologosaccharides into a unique type of processed cheese, the so called
requeijdo cremoso. The addition of galactooligosaccharides in an amount ranging from 1.5 to
4.0 % (w/w) led to lower values of complex modulus and gel strength. The lowest values of G*
were observed for samples with 1.5 % (w/w) galactooligosaccharide addition. On the contrary,
processed cheeses with 3.0 % (w/w) addition showed the most compact structure (investigated
by scanning electron microscopy) with reduced size of fat globules (Belsito et al., 2017). Also,
the addition of xyloologosaccharide in an amount of 3,3 % (w/w) (to low fat and low salt content
processed cheese) resulted in a denser and more compact structure, with increasing apparent
viscosity, values of elastic and complex moduli (Ferrdo et al., 2018).
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AIM OF THE HABILITATION THESIS

The main aim of the habilitation thesis was to evaluate the influence of selected factors
affecting the functional properties (mainly in terms of consistency) of processed cheese during
storage. The work was focused on factors that are important for industrial scale production of
processed cheese and whose effect on the consistency of processed cheeses was not sufficiently
up to now described in the literature.

Hence, in order to achieve the main objective of the thesis, it was necessary to establish
the following sub-objectives:

= Evaluate the effect of various phosphate-based and/or citrate-based emulsifying salts
application (as sole ingredients) on the functional properties of processed cheese and
processed cheese sauces,

= To deal with changes in the consistency of processed cheeses depending on the different
composition of ternary mixtures of phosphate and/or citrate emulsifying salts,

= To describe the effect of various natural cheese (different types and degrees of maturity)
application in processed cheese production and describe their influence on processed cheese
functional properties,

= To evaluate changes in the consistency of processed cheeses during their storage,

= To describe the effect of various levels of dry matter content and fat content in dry matter
content on the consistency of processed cheese,

= To evaluate the impact of selected processing parameters (holding time and speed of
agitation) on the consistency of spreadable processed cheese. In particular, to describe the
effect of increasing holding time of the melt at the so-called melting temperature on the
consistency of processed cheese manufactured at different regimes of agitation speed of
knives,

= To investigate the effect of rework addition (at divergent levels) on the rheological and
textural properties of processed cheese.
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MAIN RESULTS OF THE WORK

A. The impact of emulsifying salts composition and natural cheese on the functional
properties of processed cheese and similar products

Processed cheese can be manufactured by mixing natural cheese (of various types and
degrees of maturity), water, emulsifying salts, and other optional dairy/non-dairy ingredients,
commonly under vacuum, in the presence of heat and shear. The desired compact structure of
processed cheese is obtained by the addition of appropriate emulsifying salts. Hence, the ability
of emulsifying salts to sequester calcium from the casein matrix (exchanging Na* for Ca?*) and
the pH adjustment cause protein hydration and dispersion, and the casein present acts as the
“true” emulsifier within the matrix (El-Bakry et al., 2011, Kapoor & Metzger, 2008, Lee et al.,
2003, Lee & Klostermeyer, 2001; Al; A2; A3; A4; B2; B5; B6). However, the ion-exchange
ability is not identical for all emulsifying salts. Therefore, the phosphate ion-exchange ability
increases with the increasing content of P2Os (Burika et al., 2014, Shirashoji et al., 2006; Al;
A2; A3; A4; A5). The consistency (a critical processed cheese property described by textural
and rheological parameters) of processed cheese can be affected by many factors, including the
type, composition, and chemical profile of the natural cheese utilized (dry matter, fat, protein,
and calcium ion content, and maturity degree), the type and concentration of emulsifying salts,
the presence and concentration of ions (especially calcium, sodium, and potassium), other
optional dairy and nondairy ingredients, the pH of the mass to be melted, the processing and
storage conditions (processing and storage temperature, stirring speed, time and temperature of
the fusion, and cooling rate) and a possible use of some hydrocolloids (Shirashoji et al., 2006;
Dimitreli & Thomareis, 2007; Gustaw & Mleko, 2007). Given the huge range of processed
cheeses in terms of their consistency, flavor and possibilities of use in gastronomy, it is clear
that the choice of the final parameters of the product and the derived raw material composition
should be the first step in determining the final consistency of the product.

Furthermore, as it was mentioned above, the essential role of emulsifying salts is the
exchange of sodium ions for calcium ions in the casein matrix (gel) of the cheese; insoluble
calcium paracaseinate transformes into more soluble sodium paracaseinate, whose molecules
(chains) can move within the melt system and thus enhance fat emulsification and water binding
(Guinee et al., 2004; Shirashoji et al., 2006; Muslow et al., 2007). The ability of individual
emulsifying salts to support the exchange of sodium for calcium ions can vary. Generally, the
ability to support ion exchange occurs in the following order (considering of sodium salts): long
polyphosphates (> 10 phosphorus atoms in a molecule) > short polyphosphates (< 10
phosphorus atoms in a molecule) > triphosphates > diphosphates > monophosphates (Al; A2;
A3; El-Bakry et al., 2011). In addition, citrates might support ion-exchange to a similar extent
that to of monophosphates. However, EI-Bakry et al. (2011) and Mizuno & Lucey (2005) stated
that citrates support ion exchange to a greater extent than monophosphates. The role of
polyphosphates in processed cheese manufacture with different chain lengths was described in
the study Al. Sodium salts of polyphosphate with different mean lengths of chain are often
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used under real industrial practice. Furthermore, chains of different length could affect the
intensity of the exchange of sodium ions for calcium ions and thus, casein dispersion (Mizuno
& Lucey, 2007; Lu et al., 2008; Sadlikova et al., 2010). A different number of phosphorus atoms
in a linear chain could also affect the creaming process by means of interactions with casein
fractions of varying intensity. Moreover, the use of polyphosphates with different chain lengths
can also affect the pH of the product (Lu et al., 2008). Based on the above-mentioned
statements, the aim of the study Al was to observe selected textural parameters (large
deformation properties) of model samples of processed cheese with the addition of ternary
mixtures containing DSP, TSPP, and polyphosphates with different mean lengths (n =5, 9, 13,
20, and 28).The current study would provide valuable information about the role of phosphate-
based emulsifying salts in processed cheese properties, something that was missing from the
scientific literature. Furthermore, in the second part of the current work (Al), TSPP was
replaced with PSTP. The samples were produced without and with pH adjustment (to achieve
pH values typical of processed cheese spreads, in the range of 5.60 — 5.80). Thus, with a low
content of polyphosphate, hardness of the processed cheese increased and cohesiveness and
relative adhesiveness decreased at a ratio of DSP to TSPP approximately 1:1 to 3:4. An
increasing amount of polyphosphate (in the ternary mixture) led to a decrease in hardness of
the processed cheese at this specific ratio. With the relative amount of polyphosphates reaching
> 60 %, the influence of this specific ratio became insignificant. This trend was observed in all
ternary mixtures; the only differences were found in the absolute values of the textural
parameters of the processed cheeses examined. Replacing TSPP with PSTP did not affect the
general trend either. However, the absolute values of hardness of model samples with the
addition of PSTP were lower compared with that in which TSPP was used. Duration of the
storage period increased hardness of the processed cheeses. In the samples in which the pH was
intentionally increased, hardness and cohesiveness decreased and relative adhesiveness
increased slightly. However, the reverse trend was observed in samples in which pH was
decreased. The more significant the pH adjustment was, the more noteworthy changes were
observed. However, pH adjustment did not affect the value of the specific ratio of DSP:TSPP
and DSP:PSTP and its general influence on textural parameters of the processed cheeses. The
influence of the specific ratio of DSP:TSPP and DSP:PSTP and the general trend concerning
the dependence of composition of the ternary mixtures of phosphate emulsifying salts on the
textural parameters of processed cheeses cannot be attributed only to the effect of phosphates
on the dispersion of casein. In addition, the dispersion of casein is closely related to the
processed cheese matrix formation. Hence, an intensive dispersion of casein allows caseins to
develop their emulsifying and hydrating abilities and thus, stabilize the fat and water present in
the mixture. Increasing the range of protein hydration and fat emulsification results in higher
intensity of casein crosslinking. A more rigid processed cheese will occur with a greater number
of cross linkages in its matrix (Al; A2). Over the past few years, several studies (Awad et al.,
2002; Weiserova et al., 2011; Bunka et al., 2012, 2013) have shown the dependence of textural
parameters of processed cheeses on the composition of binary and ternary mixtures of
phosphate emulsifying salts (consisting mainly of disodium phosphate, tetrasodium
diphosphate, and sodium salt of polyphosphate). In these studies, a specific ratio of disodium
phosphate to tetrasodium diphosphate was determined (approximately 1:1 to 3:4), at which
hardness of the processed cheeses increased rapidly but cohesiveness and adhesiveness
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decreased. The influence of this specific ratio decreased with an increasing relative amount of
sodium salt of polyphosphate. When the amount of sodium salt of polyphosphate exceeded 60
%, the influence of this specific ratio became insignificant. However, existing studies are
limited to linear-chain polyphosphates with mean length (n; the number of phosphorus atoms
bound in a linear molecule of polyphosphate) of about 20 (Sadlikova et al., 2010; Weiserova et
al., 2011; Bunka et al., 2012, 2013).

In addition, as it was mentioned above trisodium citrate presents better calcium
chelating ability and casein peptization properties than do sodium mono- and diphosphates (EI-
Bakry et al., 2011; Mizuno & Lucey, 2005). The effect of the individual phosphates and
composition of phosphate binary and ternary mixtures on textural properties of processed
cheese has been previously studied (Buiika et al., 2013, Dimitreli & Thomareis, 2009, El-Barky
et al., 2011, Lu et al., 2008, Sadlikova et al., 2010, Shirashoji et al., 2006, Weiserova et al.,
2011). Processed cheeses in which the content of DSP is predominant have softer consistency.
On the other hand, when polyphosphates are dominant in the binary and ternary mixtures, the
hardness of the product increases (Burka et al., 2013, Weiserova et al., 2011).

Nevertheless, in the above-mentioned studies the effect of TSC on processed cheese
consistency was not evaluated, thus providing space for further scientific work. To the best of
our knowledge, we have evaluated the effect of TSC on the processed cheese properties.
Moreover, a specific ratio of DSP to TSPP exists that significantly affects textural parameters
of processed cheese (Al). In the latter study it was found that when the polyphosphate content
was at low levels (less than 60 %) and the ratio of DSP to TSPP ranged from 1:1 to 3:4, the
hardness of the resultant processed cheeses increased, while their cohesiveness and relative
adhesiveness decreased. Based on the results in work A1, a study providing information about
how ternary mixtures containing parallel phosphate and citrate emulsifying salts influence
textural properties of processed cheese was performed (A2). The impact of the ternary mixtures
composition on textural parameters of processed cheese and on the casein micelle dispersion
(in a simplified model milk system) was also studied. Moreover, the impact of a specific ratio
of DSP:TSPP and TSC:TSPP on processed cheese hardness was also described. Hence, at
constant content of POLY20 < 60 % or TSC < 40 % in the emulsifying salt ternary mixtures a
rapid increase in hardness of the product was observed, especially at a specific ratio of DSP to
TSPP of approximately 1:1 to 2:3. When the content of POLY?20 or DSC was absent in the
ternary mixture, the products consisting of TSC and TSPP in a range of approximately 1:1 were
the hardest (among samples with the binary mixture of TSC and TSPP). Also the hardness of
all processed cheese samples increased with the increasing storage period.

Furthermore, processed cheese with diverse textural and rheological characteristics and
alternative functional properties may be manufactured as a result of the use of different types
(phosphate, citrate, or both) and combinations of emulsifying salts. In practice nowadays, the
individual application of emulsifying salts is very rare. In fact, emulsifying salts are applied in
ternary or even more componential mixtures (Guinee et al., 2004; Kapoor & Metzger, 2008;
A2. Generally, the effect of different composition of ternary mixtures of the individual sodium
salts of phosphates (especially disodium hydrogenphosphate, tetrasodium diphosphate, and
sodium salt of polyphosphate) has been described in the papers by Weiserova et al. (2011) and
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Burika et al. (2012, 2013), but only for Dutch-type cheese as the main raw material for the
processed cheese samples tested.

On the whole, it could be concluded that the type and composition of applied
emulsifying salts can affect the rheological and textural properties of processed cheese and
similar products. In general, when the tested emulsifying salts were applied as sole ingredients
the storage and loss moduli decreased (parameters describing the consistency of processed
cheese) in the following order: POLY20 > TSPP ~ TSC > DSP. This specific trend was also
confirmed by observing of the processed cheese hardness. With respect to our studies (A2; A3;
A4; A6), we are able to infer that the general trend of the effect of the ternary mixtures
composition is the same when different natural cheeses are used as raw material.

Moreover, significant parameters influencing the textural and rheological properties of
processed cheeses are the type and the maturity degree of the utilized natural cheese. To the
best of our knowledge, a series of studies providing information about how the type and
maturity degree of natural cheese (other than Edam type cheese) can affect the properties of
processed cheese was performed. Swiss-type cheese is a group of hard or semi-hard cheeses in
texture, with desired propionic acid fermentation caused by propionic acid bacteria (especially
Propionibacterium freudenreichii ssp. freudenreichii and Propionibacterium freudenreichii
ssp. shermanii). Therefore, their flavor is characterized as sweet and nut-like. This is due to free
fatty acids, peptides, amino acids, carbonyls, or their mutual interactions (Beuvier et al., 1997;
Bouton et al., 2009). However, processed cheese manufacture using Swiss-type cheese as the
main raw ingredient in the available literature is scare. Under real industrial practice, Swiss-
type cheese is often used as part of the raw material for processed cheese manufacture. On the
other hand, the individual usage of Swiss-type cheese in processed cheese production was
described in the study A3. Moreover, the influence of different maturity degrees of Swiss-type
cheese associated with different combinations of emulsifying salts ternary mixtures affecting
processed cheese consistency was also reported. According to the findings in the work A3 the
application of the binary mixture of DSP:TSPP (in a ratio of 1:1) resulted in products with the
highest values of hardness (regardless of the maturity degree of the Swiss-type cheese applied).
Furthermore, the hardness of the samples obtained decreased with the rising maturity degree of
the Swiss-type cheese used (regardless of the emulsifying mixture applied). However, on the
contrary, the hardness of all processed cheese samples increased with prolonging the storage
period. Admittedly, the results of texture profile analysis corresponded to those of the
rheological analysis. The highest overall rigidity (G*), gel strength, and interaction factor
values were found in the samples prepared with DSP:TSPP (1:1), followed by the samples
prepared with POLY20, TSPP, TSC, and DSP, respectively. The monitored values of the gel
strength and interaction factor decreased with the increasing maturity degree of the Swiss-type
cheese used. The intensity of rigidity of the processed cheese samples has an analogous
relationship to the intensity of the gel strength; the higher the gel strength of the sample, the
more inflexible the product that can be expected.

In the same token, the combined effect of Mozzarella cheese storage period and different
emulsifying salts (type and/or composition) on the textural and rheological characteristics of
spread-type processed cheese during its storage was studied (A4). Furthermore, during the
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storage of Mozzarella cheese (a pasta-filata cheese), complex biochemical events determine its
final quality and acceptance. Proteolysis is the major phenomenon that occurs during cheese
aging (besides glycolysis and lipolysis) that greatly affects the physical characteristics of nearly
all cheeses. Generally, cheeses show similar proteolytic trends. On the other hand, differences
in cheese nature and manufacturing processes influence the proteolytic pattern. In the case of
processed cheese, rheological and textural properties are influenced by the age of the applied
cheese and/or also by specific technological operations during cheese manufacturing. Hence,
more intensive proteolytic reactions result from an increasing cheese maturity level. The
combined impact of the Mozzarella cheese age and different ternary mixtures of emulsifying
salts on the textural and viscoelastic properties of processed cheese were evaluated in the study
A4. According to the latter research paper (A4), the increasing storage period of the processed
cheese samples resulted in an increase in hardness. On the contrary, the hardness of the samples
decreased with expanding Mozzarella cheese storage time. Model samples with diverging
properties were obtained by the application of different types of ternary mixtures of emulsifying
salts. The hardest samples were those comprised of DSP:TSPP (1:1). However, when DSP or
TSPP were replaced by TSC, this ratio was not observed. The rising amount of POLY20 in the
mixtures led to a decrease in the samples' hardness (up to > 50%). The results obtained from
the rheological analysis were in accordance to those of the hardness analysis. Hence, the ratio
of DSP:TPSS resulted in processed cheese with the highest values of gel strength and
interaction factor. Moreover, with increasing Mozzarella cheese storage periods the values of
gel strength and interaction factor decreased.

Last but not least, a research providing direct comparison of the viscoelastic properties
of processed cheese produced under identical processing parameters and similar experimental
design from two technologically very different varieties of natural cheese (Cheddar cheese and
white brined cheese, respectively), and additionally with various degrees of maturity, was
performed (A5). The impact of the Cheddar cheese and white brined cheese maturity and
different compositions of ternary mixtures of emulsifying salts on the hardness and gel strength
of processed cheese during 60 days of storage was investigated in the latter work. Hence, with
raising the storage period of the processed cheese samples, an increase in hardness was
observed. On the other hand, the hardness and gel strength of the samples decreased with
prolonging of cheese ripening period for both tested natural cheeses (Cheddar and white brined
cheeses, respectively) used as the basic raw material. The hardest samples were those composed
of DSP:TSPP (1:1). However, when the relative amount of DSP and TSPP (in the ratio of 1:1)
were replaced by TSC or POLY?20, the influence of the latter mentioned ratio diminished.
Furthermore, higher values of hardness and gel strength were reported for the processed cheese
samples produced with Cheddar cheese in comparison with those made from white brined
cheese.

In conclusion, four types of natural cheese (Dutch type — Al; A2; Swiss-type — A3;
Mozzarella-type — A4; Cheddar-type — A5; and white brined-type — A5, respectively), which
are used through the whole world, were tested. In all examined cheese varieties/types the
mechanisms of function of the above mentioned ternary mixtures were practically very similar
regardless of the ripening period of the cheese utilized. Moreover, with raising storage period
of the processed cheese samples, an increase in hardness was observed. On the other hand, the
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hardness and gel strength of the samples decreased with prolonging of cheese ripening period
for all applied natural cheeses which used as the main raw material. Hence, the hardest samples
were those composed of DSP:TSPP (1:1). However, when the relative amount of DSP and
TSPP (in the ratio of 1:1) were replaced by TSC or POLY?20, the influence of the latter
mentioned ratio diminished cheese were performed (Al; A2; A3; A4; Ab).

Processed cheese sauces are novel cheese products and commercially can be found in
many forms (frozen, semi-liquid, shelf-stable dry mixtures). Processed cheese sauces can serve
as flavor enhancers, dipping sauces, act as the main attractiveness in many dishes or help to
intensify or round out an appetizer flavor profile. However, at the moment there are no standards
of identity or definitional legal for processed cheese sauce. Thus, the latter dairy products can
be manufactured by applying many ingredients such as natural cheese, cheese powder,
processed cheese and other ingredients of dairy or non-dairy origin. Processed cheese sauces
and processed cheeses could be described as stable oil in water emulsions. Hence, their
manufacture could be realized by mixing natural cheese, milk fat, water, emulsifying salts, other
optional ingredients, commonly under vacuum in the presence of heat (temperature range of 85
up to 110 °C) and constant shear (A3; A6; B4; B5; Shalaby et al., 2017). It could be stated that
the hardness of the processed cheese sauce samples was affected by the applied type of
emulsifying salt, pH of the melt and storage period. Furthermore, it was found that the samples
prepared with DSP:TSPP (1:1) and POLY20 (without pH adjustment) presented the higher
values of hardness. The latter phenomenon was also confirmed by the increasing samples
complex viscosity and storage modulus. On the contrary, the remaining tested samples showed
lower hardness, storage modulus and complex viscosity values. The hardness of all examines
samples increased with the increasing storage period (AG6).

B. The impact of selected processing parameters on the functional properties of
processed cheese.

As it was reported above (Al; A3; A4; A5; A6) the basic raw materials for the
production of processed cheese (and/or processed cheese sauces) are natural cheeses of Dutch-
and Swiss-type, whereas in the Anglo-American countries it is usually Cheddar and Mozzarella
cheeses, respectively. In areas of the Near and Middle East white brined cheeses are also widely
used. Other dairy raw materials (butter, cream, anhydrous milk fat, curd, milk powder, whey
powder) and non-dairy raw materials (water, flavoring agents, and hydrocolloids) as well as
emulsifying salts (especially sodium salts of phosphates, polyphosphates and citrates) are added
to this cheese-base of different maturity degrees. Ingredients are usually heated under constant
agitation at a temperature of 90—110 °C until a homogenous mass with desired properties is
developed (Kapoor & Metzger, 2008, Khetra et al., 2015, Muslow et al., 2007).

One of the most important and very critically evaluated parameters of processed cheeses
is their consistency, which can be, in the form of blocks, slices, spreads, or sauces (Kapoor &
Metzger, 2008). Consistency of processed cheese and can be affected by three main groups of
factors: (i) the composition of the raw material mixture, (ii) processing parameters during the
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production of processed cheese (especially the speed of agitation, holding time, the target
temperature during the melting process and the cooling rate), and (iii) the storage temperature
and length (Bayarri et al., 2012, Dimitreli & Thomareis, 2004, Kapoor & Metzger, 2008, Khetra
et al., 2015, Muslow et al., 2007, Schatz et al., 2014, Subramanian et al., 2006). In general, it
could be stated that the processing parameters during the production of processed cheese (and
similar products) are of great significance.

In the industry, the consistency of processed cheese regularly is evaluated by sensory
analysis. However, the instrumental evaluation using small (e.g., dynamic oscillation
rheometry) or large (e.g., texture profile analysis) deformations or their combinations is
increasing for the past few years (Lee et al., 2003; Kapoor & Metzger, 2008; Burika et al., 2013;
2014). Rheological parameters measured in the area of small or large deformations are given
mainly by the microstructure of processed cheeses and mutual bonds between the individual
components (especially the properties of the protein network and its interactions with other
components; Hosseini-Parvar et al., 2015; da Silva et al., 2016). To explain the nature of the
current state of consistency, it is therefore useful to have the data about the mechanical
properties of the processed cheese and also its microstructure. The microstructure of processed
cheeses may be studied by several methods, the most common of which are optical microscopy
(Hladka et al., 2014; da Silva et al., 2016), scanning electron microscopy (Noronha et al., 2008;
Cunha et al., 2010), transmission electron microscopy (Lee et al., 2003), and confocal laser
scanning microscopy (Lee et al., 2015).

Although the final parameters of processed cheeses (especially dry matter, fat in dry
matter, and fat-free dry matter content) affect their consistency to a large extent, they have not
been given sufficient attention in the literature over the past 10 years. One of the few studies,
by Lee et al. (2015), dealt with the effect of protein content (10 — 20 % w/w) and fat content (O
— 40% w/w) on the viscoelastic properties of model samples of processed cheeses made from
rennet casein (melting temperature = 85 °C) and stored for 24 h. With the increasing protein
content and decreasing fat content (constant protein-to-water content, variable dry matter
content), the rigidity of the processed cheeses increased. A more significant effect of the protein
content was observed compared with the fat content. In the work B1 was evaluated the effect
of different dry matter contents (35 and 45 % w/w) and fat in dry matter contents (40 and 50 %
wi/w) on the textural and viscoelastic properties and microstructure of model processed cheeses
made from real ingredients regularly used in the dairy industry. Apart from the basic chemical
parameters, textural and viscoelastic properties of the model samples were measured and
scanning electron microscopy was realized. With increasing dry matter content, the rigidity of
the products increased and thus the size of the fat globules in the model samples of the processed
cheeses decreased. With increasing fat in dry matter content, the rigidity of the processed
cheeses decreased and the size of the fat globules increased.

However, full-fat products with a significantly higher fat content are also commonly
produced. The question therefore remains whether the trends observed in B1 also apply to full-
fat processed cheeses. In particular, in work B2 was evaluated the effect of the holding time at
a given melting temperature, and agitation speed, on the consistency of full-fat processed
cheeses. It was found that, after an initial decrease in the firmness of the processed cheeses
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(during holding times of up to 3 min), the firmness of the products increases significantly as the
holding time is extended at the melting temperature. As the storage period extended to 60 days,
the firmness of the processed cheeses also increased, regardless of either the applied holding
time at the melting temperature, or the agitation speed. Although the effect of extended holding
times at the given melting temperature on the consistency of semi-fat and full-fat processed
cheeses seems clear under the given conditions, this cannot be said of the effect of agitation
speed, which remains unclear and requires further studies.

The work B3 described the effect of melting temperature and holding time on the
rheological properties of spreadable processed cheese. The values of G* significantly increased
with the increase of holding time. Elevated temperature of melting also caused the increase of
G". The higher levels of observed processing parameters led to development of denser structure
and therefore the model processed cheese became more rigid (B1).

Furthermore, in the work B4 were studied the viscoelastic properties of model processed
cheese spreads at various agitation speeds and holding times at the melting temperature over 60
days cold storage. Under the conditions of the experiment mentioned above it was found that
at all the agitation speeds tested (1000, 1500 and 3000 rpm) the firmness of the samples
increased steadily from the 3' to the 20" minute of the holding time. The most striking increase
was observed in the model processed cheeses manufactured at 3000 rpm, especially from the
10" minute of the holding time onwards. However, a clear trend in the development of
viscoelastic properties of the observed samples depending on the agitation speed could not be
determined. This trend changed according to the particular holding time of the melt at the
melting temperature. During the 60 day storage period, the firmness of all the observed
processed cheeses increased. In recent years, other works have been published which attempt
to contribute to the clarification of, in particular, the role of agitation speed and holding time at
a given melting temperature on the consistency of the resulting processed cheese (Shirashoji et
al., 2016; B4). The conclusion drawn as a result of the studies conducted for both these works
was the same, namely that when the holding time at the given melting temperature is extended,
the firmness of the processed cheeses increases. From the article B4, it can be assumed that this
trend is not linear. Furthermore, it was demonstrated that the effect of agitation speed on the
consistency of the product is not clear, and depends significantly on the holding time. During
short holding times (up to 3 min), processed cheeses produced at lower agitation speeds (1000
rpm) were more solid than those products produced at higher speeds (1500 and 3000 rpm).
However, as the holding time was extended, this trend changed significantly.

The effect of processing parameters, such as holding time of the melt, on the consistency
of processed cheese spreads has been studied extensively. Swenson et al. (2000) investigated
fat-free processed cheese (with 40 %, w/w, dry matter content) and stated that, the longer the
holding time, the lower the firmness of the product. However, Bowland & Foegeding (2001)
examined the effect of processing time (10, 20 and 30 min) on the viscoelastic properties of
model processed cheese (49.5-52.5 %, w/w, dry matter; 51.4-54.5 %, w/w, fat in dry matter)
over a decreasing temperature regime from 25 °C to 80 °C (to determine sample solidification).
The authors concluded that there was no relationship when the small strain analyses (G', G,
G* and 9) were performed at temperatures lower than 80 °C. Moreover, Lee et al. (2003) found
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that the apparent viscosity of spreadable processed cheese melt containing 50 % (w/w) dry
matter and 50 % (w/w) fat in dry matter rose until 25 mins of processing at 80 °C and then
decreased. Furthermore, the studies B1, B2 and B4 investigated the effect of holding time of
the melt in a selected temperature on the viscoelastic properties of processed cheese with 35 %
(w/w) dry matter and 40 % (w/w) and 50 % (w/w) fat in dry matter content. The conclusion in
these studies was that the firmness of processed cheese decreased up to the 3 minute of holding
time but then increased significantly (the maximum holding time applied was 20 min).
Nevertheless, the above-mentioned results are contradictory and the effect of holding time on
the consistency of processed cheese spreads with different dry matter and fat in dry matter
contents remains unclear. Especially, the effect of holding times below 10 min (in close gaps
within the holding time range) on spreadable processed cheese samples (with different dry
matter and fat in dry matter contents; produced under identical processing protocol) viscoelastic
properties described by the complex modulus and phase shift was missing from the existing
scientific literature. In general, it is accepted that the short duration of the holding time is
economically advantageous. According to the results presented in the work B5, were studied
six different types of model spread-type processed cheese prepared and stored for 30 days stated
that the viscoelastic properties depend on the holding time, time of storage and dry matter and
fat in dry matter contents. For most of the produced spread-type processed cheese, it was
demonstrated that, on the 1%, 14" and 30" day of storage, G* (a measure of consistency)
decreased in the first 2 or 3 min of the holding time and gradually increased afterwards. In the
most cases of dry matter and fat in dry matter contents, prolonging the holding time from the
3" min up to the 10" min and storage for 30 days increased the G* in all samples examined.
Also, G* increased with increasing dry matter content at constant fat in dry matter and also with
decreasing fat in dry matter. The same dry matter content and increasing fat in dry matter
content caused decreasing value of G*. Nevertheless, inverse relationships were observed in the
case of the phase shift evaluation. In addition, most of the spread-type processed cheeses
produced exhibited more elastic than viscous consistency (solid-like behavior). It could be
concluded that dry matter and fat in dry matter contents, holding time and length of the storage
time affected the rheological properties of the processed cheese samples. In particular,
increasing fat content reduced the values of complex modulus, resulting in more soft processed
cheese final products. Moreover, the processed cheeses with low dry matter content were more
viscous than the samples with higher level of dry matter content. This information may be
relevant to industry practice. Moreover, longer holding times of the melt can result in smaller
diameter of milk fat droplets in the final product. However, a significant decrease in size was
observed after 2 or 3 min. Furthermore, the size of milk fat droplets decreased as the dry matter
content increased and the fat in dry matter content decreased. In general, from an economic
point of view, shorter holding times could be evaluated as more advantageous for producers of
processed. In addition, processed cheese formulation can have an impact on final product price,
as higher dry matter content can result in higher processed cheese price. Comparing processed
cheeses with the same dry matter content, the higher the fat in dry matter content, the lower the
price of the final product.

In addition, the work B6 described the impact of rework content (utilized rework “age”
of 72 h) on the consistency of processed cheese. It was discovered that a lower quantity of added
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rework, up to 10.0% (w/w), caused a gradual increase in the firmness of the processed cheese;
simultaneously, the size of the fat droplets gradually decreased, which results primarily from
the improvement of the emulsification properties as the amount of rework added increases. As
the rework concentration in the raw material composition increased further (from 10 — 20 %
wi/w), the firmness of the processed cheese no longer increased, and the median size value of
the fat droplets, which was smaller than that in samples with less added rework, also no longer
differed significantly. Additionally, the term rework is describing a processed cheese that has
already been processed once and in which creaming has already occurred; it is used as a raw
material for the production of processed cheese. Therefore, its consistency is affected by all of
the aforementioned factors. Rework is created in the industry either (1) intentionally
(production of processed cheese for rework or residue of processed cheese in production
equipment) or (2) unintentionally (production of processed cheese originally intended for the
market network but ultimately not released for market; for example, due to unsuitable
packaging or incorrect dry matter or fat in dry matter content). Rework is usually used fresh
(processed cheese residue in production equipment) or 3 to 14 days old (processed cheese
unsuitable for the market network due to unsuitable fat or dry matter content, or an incorrect
packaging weight. The reasons for using rework can be economic, but also to increase viscosity
(with the increasing age of the rework and with its increasing concentration) after production,
increase firmness, improve meltability, or reduce emulsifying salt content, since rework already
contains emulsifying salt (Lauck, 1972; Meyer, 1973; Kalab et al., 1987; Pluta et al., 2000;
Kapoor & Metzger, 2008).

In general, it could be concluded that the factors including the dry matter and fat in dry
matter contents, holding time and length of the storage time influence the rheological and
textural properties of the processed cheese. In particular, increasing fat content reduced the
values of complex modulus, resulting in “softer” (or more spreadable) processed cheese final
products. Moreover, the processed cheeses with low dry matter content were more viscous than
the samples with higher level of dry matter content. Finally, based on our results it was found
that the applied agitation speed during the production of processed cheese affects the firmness
of the samples.
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CONTRIBUTION TO SCIENCE AND PRACTICE

The principal contributions of the current habilitation thesis to science and practice could
be summarized in the following points:

= |t was found that when the phosphate and citrate emulsifying salts were applied individually
the hardness of the model processed cheeses increased in the following order: POLY20 >
TSPP ~ TSC > DSP (regardless of the type of natural cheese applied and its maturity degree
or length of the storage time).

= |t has been documented that the basic trend of the dependence of the consistency of
processed cheeses on the composition of mixtures (including binary or ternary mixtures) of
phosphate and citrate emulsifying salts (consisting of sodium hydrogen phosphate, sodium
diphosphate, sodium polyphosphate and sodium citrate) is not significantly affected by the
natural cheese applied, maturity degree or length of storage time. In all studied
combinations of all the above-mentioned factors, the existence of specific ratios of sodium
hydrogen phosphate and sodium diphosphate was identified, as well as sodium diphosphate
and sodium citrate, which significantly increase the hardness of processed cheeses.

= |t was found that with a low content of polyphosphate, hardness of the processed cheese
increased and cohesiveness and relative adhesiveness decreased at a ratio of DSP to TSPP
around 1:1 to 3:4. Moreover, the increasing amount of polyphosphate (in the ternary
mixture) led to a decrease in hardness of the processed cheese (at this specific ratio). With
the relative amount of polyphosphates reaching > 60 %, the influence of this specific ratio
became insignificant. This trend was observed in all ternary mixtures; the only differences
were found in the absolute values of texture parameters of the processed cheeses.

= The influence of different compositions of ternary mixtures of phosphate and citrate
emulsifying salts on the consistency of processed cheeses made from Dutch-type, Swiss-
type, Mozzarella-type, Cheddar-type and white brined-type cheeses was described. It has
been shown that the choice of a particular natural cheese will significantly affect the
consistency of processed cheeses and must be taken into account when “modeling” the raw
material composition formula. Furthermore, it has been found that as the maturity degree
of natural cheeses (for all types of the tested natural cheeses) increases, the hardness of
processed cheeses decreased, regardless of the applied phosphate and citrate emulsifying
salts applied (sole, binary or ternary mixtures). In addition, the maturity degree of the
applied natural cheese affects hardness “absolute” values development, whereas the main
trends remain unaffected.

= The effect of different dry matter and fat content in dry matter on the consistency of
processed cheeses was described (values of dry matter and fat in dry matter content which
are typical for the Central Europe region). In particular, increasing fat content reduced the
values of complex modulus, resulting in more soft processed cheese final products.
Moreover, processed cheese with lower values of dry matter content were more viscous
than the samples with higher level of dry matter content. Furthermore, the size of milk fat
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droplets decreased as the dry matter content increased and the fat in dry matter content
decreased.

The effect of the longer holding time at the so-called melting temperature on the consistency
of processed cheeses has been documented for such a range of stirring speeds in the
production protocol as is typical for the production of spreadable processed cheeses. The
existence of a limit time for the developed melt to remain at a specific melting temperature
has been proved, until which the hardness of the final processed cheeses decreases. It has
been found that if the hardness of processed cheeses is to be increased only by extending
the residence time of the melt at the melting temperature (assuming a constant level of other
factors affecting the consistency of these products), then the total residence time must be
more than 3 minutes. Furthermore, the latter phenomenon was also identified in processed
cheese samples with various fat in dry matter level.

It has been found that the hardness of processed cheeses increases during cold storage, with
these changes being most intense during the first 14 days of storage.

The effect of rework addition on the viscoelastic properties of model processed cheeses
samples was evaluated. The addition of rework (in spread-type processed cheese) up to 10.0
% (w/w) increased the hardness and elastic character of the processed cheese. However,
with the further addition of rework, the consistency of the processed cheeses did not differ
significantly.

The obtained results could be used as models describing the dependence of processed
cheese functional properties (mainly textural and rheological) on the composition of
mixtures of emulsifying salts for the production of final products with different consistency.
Under real industrial conditions the obtained models could be applied as a description of
the samples textural and viscoelastic properties arising from the type and maturity degree
of the utilized natural cheese in combination with the applied type and concentration of
emulsifying salts. From the obtained data could be proposed an appropriate mixture of
emulsifying salts, a suitable type and maturity level of natural cheese in order to produce
final processed cheese products with desirable consistency and organoleptic properties.
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CONCLUSIONS

Taking into account that processed cheese is one of the youngest dairy products and also
due to the complexity of the processed cheese matrix (system), there is still insufficient relevant
information in the scientific literature about the effect of individual factors on the consistency
of processed cheeses. Hence, this provides enough “space” not only for the producers but also
for the researchers in order to perform high-quality research studies to understand the exact
course of reactions/phenomena evolved in the production of processed cheeses (or similar
products). The presented habilitation thesis aimed to summarize the existing knowledge in the
field of characteristics of raw materials for the production of processed cheeses, production
technology of these products and factors influencing the consistency (a parameter described
mainly by textural and rheological properties) of processed cheeses. Based on the results of the
current thesis, it is possible to provide a more comprehensive point of view of the importance
of the composition of a mixture of emulsifying salts (phosphates and/or citrates) in influencing
the textural and rheological properties of processed cheeses. The habilitation thesis also dealt
with the use of different natural cheeses with divergent maturity degrees and how this factor for
industrial practice affects the consistency of processed cheeses. Last but not least, the
development of the consistency of processed cheeses manufactured from different raw
materials, with different compositions of emulsifying salts and cheeses produced under
different processing conditions was described. Changes in the consistency of processed cheeses
occurring during their storage (under refrigeration conditions) have also been reported.
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LIST OF USED SYMBOLS AND ABBREVIATIONS
DSP — disodium phosphate

TSPP — tetrasodium disphosphate

PSTP — pentasodium triphosphate

TSC — trisodium citrate

POLY5 —sodium salt of polyphosphate in which the mean amount of phosphate units was n
~5

POLY9 - sodium salt of polyphosphate in which the mean amount of phosphate units was n
~9

POLY13 - sodium salt of polyphosphate in which the mean amount of phosphate units was
n=13

POLY20 — sodium salt of polyphosphate in which the mean amount of phosphate units was
n=20

POLY28 — sodium salt of polyphosphate in which the mean amount of phosphate units was
n=28
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ABSTRACT

The objective of this study was to describe the
dependence of textural properties (hardness, cohesive-
ness, and relative adhesiveness) of processed cheese
spreads on the proportion of disodium phosphate
(DSP), tetrasodium diphosphate (TSPP), and sodium
salts of polyphosphate in ternary mixtures of emulsify-
ing salts. Sodium salts of polyphosphate with different
mean lengths (n ~ 5, 9, 13, 20, and 28) were used.
Pentasodium triphosphate (PSTP) was used instead of
TSPP in the second part of the study. Products with
and without pH adjustment were tested (the target
pH value was 5.60-5.80). Textural properties of the
processed cheese were observed after 2, 9, and 30 d of
storage at 6°C. Hardness of the processed cheese with
a low content of polyphosphate increased at a specific
DSP:TSPP ratio (~1:1 to 3:4). This trend was the
same for all the polyphosphates used; only the abso-
lute values of texture parameters were different. The
same trends were observed in the ternary mixtures with
PSTP, showing lower final values of hardness compared
with samples containing TSPP. Hardness and cohesive-
ness decreased and relative adhesiveness increased in
the samples with increased pH values and vice versa;
the main trend remained unchanged.

Key words: processed cheese, emulsifying salt, poly-
phosphate, textural property

INTRODUCTION

Processed cheese can be characterized as a viscoelastic
matrix, the basic material of which consists of cheeses
at different stages of maturity. It is made by using a
wide range of dairy (e.g., cream, butter, anhydrous milk
fat, curd, milk powder, whey powder, caseinates) and
nondairy ingredients and additives (e.g., hydrocolloids,
coloring, sensory active mixtures), which are applied
to modify the content (e.g., DM content, fat content,
protein content) or functional properties of the product
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!Corresponding author: bunka@ft.utb.cz

(e.g., firmness, meltability). Key components for the pro-
duction of processed cheeses are emulsifying salts (ES),
usually sodium salts of phosphates, polyphosphates,
or citrates. The discontinuous production of processed
cheeses includes (1) determining the composition of
ingredients (with respect to the desired parameters of
the final product); (2) placing the determined amounts
of ingredients and additives into the melting device and
the actual melting process (at a usual temperature of 85
to 105°C with a dwell time of several minutes); and (3)
packaging in different wrapping materials (Guinee et
al., 2004; Mizuno and Lucey, 2007).

The essential role of ES is the exchange of sodium
ions for calcium ions in the casein matrix (gel) of the
cheese; insoluble calcium paracaseinate changes into
more soluble sodium paracaseinate, whose molecules
(chains) can move within the melt system and thus en-
hance fat emulsification and water binding (Guinee et
al., 2004; Shirashoji et al., 2006; Muslow et al., 2007).
The ability of individual ES to support the exchange of
sodium for calcium ions can vary. Generally, the ability
to support ion exchange occurs in the following order
(considering sodium salts): citrates ~ monophosphates
< diphosphates < triphosphates < short polyphos-
phates (<10 phosphorus atoms in a molecule) < long
polyphosphates (>10 phosphorus atoms in a molecule)
(Guinee et al., 2004; Mizuno and Lucey, 2005a, 2007).
El-Bakry et al. (2011) stated that citrates support ion
exchange to a greater extent than monophosphates.

However, ES also affect the process of gel formation
in the cooling matrix of the melt and thus enhance the
formation of the final structure of the processed cheese.
The process of forming the final matrix during cooling
and subsequent storing is called creaming and it covers
a wide range of different interactions: calcium bridges,
disulfide bridges, hydrophobic interactions, electrostatic
interactions, hydrogen bonds, calcium-phosphates com-
plexes (bridges), and so on (Horne, 1998; Mizuno and
Lucey, 2005a, 2007). Individual ES are able to influ-
ence gel formation in different ways. Diphosphates and
triphosphates are considered to be substances directly
supporting gel formation, and this is especially true
when they are at an optimal concentration with respect
to the other components in the mixture (Mizuno and

M
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Lucey, 2007; Buika et al., 2013). According to Kaliap-
pan and Lucey (2011) and Weiserovd et al. (2011),
specific interactions exist between monophosphates and
diphosphates (at a ratio of approximately 1:1 to 3:4)
that strongly support gel formation. Weiserova et al.
(2011) emphasized that specific interactions also oc-
cur between monophosphates and triphosphates that
influence the properties of processed cheeses. On the
other hand, polyphosphates are thought to inhibit gel
formation. Within the conditions of processed cheeses,
polyphosphates bind to casein fractions and give them
a strong multiple negative charge. More intensively
charged casein fractions repel each other, which inhib-
its the formation of some of the above-mentioned bonds
(mainly hydrophobic interactions; Mizuno and Lucey,
2007; Shirashoji et al., 2010; Burika et al., 2013).

Processes such as the exchange of sodium ions for cal-
cium ions and formation of the final matrix (creaming),
and thus the roles of the individual phosphates in these
processes, are closely related. According to Mizuno and
Lucey (2005a,b) and Shirashoji et al. (2010), higher
ion-exchange ability is linked to better casein disper-
sion in the melt. According to these authors, greater ca-
sein dispersion also leads to a more intensive formation
of mutual bonds during the creaming process. On the
other hand, longer polyphosphates make the negative
charge of caseins more intensive and thus weaken the gel
(Shirashoji et al., 2010; Bunka et al., 2013). A balance
exists between these 2 processes in the melt that seem
to be contrary to each other, which is reflected in the
final quality of the gel. However, the above-mentioned
processes are much more complex because ternary and
quaternary mixtures of ES are often used in practice
and therefore the mutual interactions between ES must
also be taken into consideration (Awad et al., 2002;
Weiserova et al., 2011; Bunka et al., 2012).

Over the past few years, several studies (e.g., Awad
et al., 2002; Weiserova et al., 2011; Bunka et al., 2012,
2013) have shown the dependence of texture parameters
of processed cheeses on the composition of binary and
ternary mixtures of phosphate ES (consisting mainly of
disodium phosphate, tetrasodium diphosphate, and so-
dium salt of polyphosphate). In these studies, a specific
ratio of disodium phosphate to tetrasodium diphosphate
was determined (approximately 1:1 to 3:4), at which
hardness of the processed cheeses increased rapidly but
cohesiveness and adhesiveness decreased. The influence
of this specific ratio decreased with an increasing rela-
tive amount of sodium salt of polyphosphate. When the
amount of sodium salt of polyphosphate exceeded 60%,
the influence of this specific ratio became insignificant.
The phenomena were not affected by the maturity stage
of the raw material (Dutch-type cheese; maturity stage
within the range of 2 to 8 wk) or the concentration of
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the ES (2-3% wt/wt; Kapoor et al., 2007; Weiserova et
al., 2011; Bunka et al., 2012, 2013).

However, existing studies are limited to linear-chain
polyphosphates with mean length (n; the number of
phosphorus atoms bound in a linear molecule of poly-
phosphate) of about 20 (Sadlikové et al., 2010; Wei-
serovd et al., 2011; Bufika et al., 2012, 2013). On the
other hand, sodium salts of polyphosphate with differ-
ent mean lengths of chain are often used in practice.
Chains of different length could affect the intensity
of the exchange of sodium ions for calcium ions and
thus casein dispersion (Mizuno and Lucey, 2007; Lu et
al., 2008; Sédlikové et al., 2010). On the basis of the
available literature, this hypothesis has not yet been
proved experimentally. The role of polyphosphates with
different chain lengths in mixtures with triphosphates,
diphosphates, and monophosphates during the process
of casein dispersion has not been described either. A
different number of phosphorus atoms in a linear chain
could also affect the creaming process; for example, by
means of interactions with casein fractions of varying
intensity. Moreover, the use of polyphosphates with
different chain lengths can also affect the pH of the
product (Lu et al., 2008). Finally, no studies have dealt
with the influence of different compositions of ternary
mixtures of ES containing triphosphate on the texture
parameters of processed cheeses.

The first aim of this study was to compare selected
texture parameters (hardness, cohesiveness, and relative
adhesiveness) of model processed cheeses made with
ternary mixtures of phosphate ES with the addition
of sodium salts of polyphosphate with different mean
lengths. The second aim was to observe the influence
of the replacement of pentasodium triphosphate with
tetrasodium diphosphate in ternary mixtures of ES
on the textural properties of model processed cheeses.
The above-mentioned parameters were observed (1)
with nonadjusted pH of the processed cheeses arising
from the interactions of the ES mixtures, and (2) with
adjusted pH values of the samples (target pH values in
the range from 5.60 to 5.80), which correspond to stan-
dard pH values of processed cheese spreads. The third
aim was to study the link between the development of
selected texture parameters of model processed cheeses
related to different composition of ternary mixtures
of phosphate ES and the effect of these mixtures on
dispersion of casein micelles in the model milk system.

MATERIALS AND METHODS
Processed Cheese Manufacturing

Composition of the ingredients (Dutch-type cheese
blocks, ~50% wt/wt DM content; ~30% wt/wt fat in
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DM content, 7-wk maturity; butter ~82% wt/wt DM
content; ~80% wt/wt fat content; and water) for the
production of model processed cheese spreads was de-
signed to reach the target values of DM content and fat
in DM content of processed cheeses of 40 and 50% (wt/
wt), respectively. First, ternary mixtures of disodium
phosphate (DSP), tetrasodium diphosphate (TSPP),
and 5 sodium salts of polyphosphate (Pxx) with differ-
ent mean length (n ~ 5, 9, 13, 20, and 28; designated
P05, P09, P13, P20, and P28, respectively) were
used as ES, which resulted in 5 ternary mixtures of
DSP:TSPP:Pxx (for P05, P09, P13, P20, and P28).
Another 5 ternary mixtures (DSP:PSTP:Pxx) were
formed by using pentasodium triphosphate (PSTP) in-
stead of TSPP in the mixtures. All 10 ternary mixtures
of sodium salts of phosphates (DSP:TSPP/PSTP:Pxx)
were applied in percentage proportions with increments
of 20% together with some specific ratios with 50% of
some salts (100:0:0; 80:20:0; 60:40:0; 50:50:0; 40:60:0;
20:80:0; 0:100:0; 80:0:20; 60:20:20; 40:40:20; 20:60:20;
0:80:20; 60:0:40; 40:20:40; 20:40:40; 0:60:40; 50:0:50;
30:20:50; 20:30:50; 0:50:50; 40:0:60; 20:20:60; 0:40:60;
20:0:80; 0:20:80; 0:0:100; 26 variants in total). Each
combination was made 3 times for a total of 780 lots
(26 variants x 10 types of ternary mixtures x 3 produc-
tions). The ES were supplied by Fosfa PLC (Bfeclav-
Postorna, Czech Republic). All ternary mixtures were
applied at the total concentration of 3% (wt/wt) of the
ES (the amount calculated based on the total weight
of the melt).

Subsequently, model samples with pH adjusted to
reach the optimal range for pH of the processed cheese
spreads were made; the target value was pH 5.60 to
5.80. The pH values were adjusted by adding NaOH or
HCI (1 mol/L). The model samples were produced the
same way as the products without any pH adjustment.
The calculated amount of acid or alkali (the amount
based on a calibration model made in the pilot study;
unpublished data) was added to the manufacturing
equipment at 85 to 86°C (approximately 30 to 50 s
before reaching the melting temperature). The addition
of water was decreased by the calculated amount of
NaOH or HCI (to reach a constant DM content and fat
in DM content). A total of 780 lots (26 variants x 10
types of ternary mixtures x 3 productions) were made
in this way (with pH adjustment).

The model samples were produced using a Vorwerk
Thermomix TM 31-1 blender cooker (Vorwerk & Co.,
GmbH, Wuppertal, Germany). The same equipment
was also used for the production of processed cheeses in
the work of Lee et al. (2004) and Macku et al. (2008).
The melting temperature of 90°C was kept for 1 min
(the total melting time of 10-12 min). The hot melt
was poured into cylindrical polypropylene pots (52 mm

in diameter; 50 mm high) and sealed with aluminum
lids. Within 2 h after the production, the samples were
cooled to 6 + 2°C, and stored at that temperature until
the analyses were started. The products were tested on
d 2, 9, and 30 of storage (6 &+ 2°C; d 1 was the day of
the production).

Dry matter content (ISO, 2004) and pH (measured
by direct insertion of a spear electrode into the model
samples; pHSpear, Eutech Instruments, Oakton, Ma-
laysia) were determined in the model samples. Each
variant of the sample was measured 9 times.

Texture Analysis

Textural properties of the model samples were as-
sessed by 2 sequential penetration events by means of
TA.XT Plus texture analyzer (Stable Micro Systems
Ltd., Godalming, UK). A cylindrical probe 20 mm in
diameter was used (strain of deformation 25%, probe
speed 2 mm/s). According to the force-deformation
curve describing the dependence of the force needed
(N) on time (s), the following texture parameters were
determined: hardness, cohesiveness, and relative ad-
hesiveness (Cunha and Viotto, 2010; Weiserova et al.,
2011; Bayarri et al., 2012; Cunha et al., 2013). Each
parameter was measured 9 times.

Preparation of the Model Milk Samples
and Measurement of Turbidity

Evaluation of the intensity of casein dispersion is
based on the method of measuring optical density (“tur-
bidity”) developed by Kaliappan and Lucey (2011). It is
assumed that the lower the optical density, the greater
the casein dispersion that has been achieved. Skim milk
powder (Moravia Lacto PLC, Jihlava, Czech Republic)
stirred in deionized water; an amount corresponding
to 5% (wt/vol) was used as the model milk system.
After careful stirring, dissolving (~1 h of stirring at
a laboratory temperature 22 + 1°C), and addition of
sodium azide (0.2% wt/vol), the pH of the system was
adjusted to reach 5.80 + 0.01 (HCl at 1 and 0.1 mol/L
was added for fine adjustment of pH) and kept over-
night (~18 h) at 22 4+ 1°C to stabilize the environment.
Subsequently, 10 ternary mixtures of phosphate ES
(DSP:TSPP/PSTP:Pxx) were applied in percentage
proportions with increments of 20% and some specific
ratios with 50% of some salts (the same ratios as dur-
ing the production of processed cheeses; 26 variants in
total). Each combination was produced 3 times for 780
model milk systems in total (26 variants x 10 types of
ternary mixtures x 3 productions). The ternary mix-
tures of ES were added at a total concentration of 0.3%
(wt/vol). After the addition of ES, the mixtures were
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stirred for 10 min and the pH was adjusted to reach
the value of 5.80 + 0.01 (NaOH or HCI at 1 and 0.1
mol/L were used for fine adjustments). The mixture
was stirred at room temperature (22 + 1°C) for another
50 min. Subsequently, the optical density was measured
at A = 700 nm (UV-VIS Spectrophotometer, UV Mini
1240, Shimadzu, Duisburg, Germany). The results were
expressed with respect to the optical density of the milk
system without the addition of ES, the pH of which was
adjusted to reach 5.80 + 0.01 (100%; after ~18 h). Each
variant (including the control sample) was measured 9
times.

For comparison of pH of individual phosphate salts
used, model samples consisting of deionized water or
dairy model system (skim milk powder in deionized wa-
ter 5% wt/vol) with tested individual phosphate salts
(1% wt/vol) were also produced.

Statistical Analysis

The results of chemical and texture analysis and
optical density measurements were subjected to non-
parametrical ANOVA by Kruskal-Wallis and Wilcoxon
tests (Unistat 5.5 software; Unistat, London, UK). The
significance level used in the tests was 0.05.

RESULTS
Basic Chemical Analysis

Dry matter content, which was determined in all
variants of the model samples tested, ranged from 40.56
to 41.22% (wt/wt). This range is acceptable in showing
consistency of DM content in the individual variants of
processed cheeses. Dry matter content is an important
parameter that influences the textural properties of
processed cheeses, and maintaining a consistent DM
content is important for ensuring the comparability of
the individual samples (Lee et al., 2004).

The pH value of processed cheeses is controlled by
the ingredients used for their production and by the ES,
the composition of which plays a key role in affecting
this parameter. Table 1 shows pH values of the model
solutions of the individual ES in water and in milk
systems (5.0% wt/vol of skim milk powder in deion-
ized water). The pH of the model solutions decreased
significantly (P < 0.05) with an increasing number
of phosphorus atoms in the phosphate molecule. The
range of pH values in the samples with deionized wa-
ter (4.21-10.09) was wider compared with that in the
milk system (6.22-8.65; comparing the concentration of
1.0% wt/vol). This difference could be explained by the
buffer capacity of the milk system (Mizuno and Lucey,
2005a; Kaliappan and Lucey, 2011).

The pH values of the processed cheeses with the addi-
tion of the individual phosphate ES are shown in Table
1 (d 2 after production, stored at 6°C). The highest pH
values were reached when using DSP, TSPP, or PSTP
separately (P < 0.05) compared with the processed
cheeses with the addition of other ES. A slightly lower
pH value compared with the previous products (5.95
+ 0.02; P < 0.05) was observed in the samples made
with P05. The pH values of the samples with addition
of P09, P13, P20, or P28 ES did not show a significant
difference (P > 0.05) and ranged from 5.34 to 5.45. The
development of pH values of the processed cheeses with
the ES applied separately was in accord with the trend
of changes in pH of the model solutions (Table 1).

Figure 1 illustrates the dependence of pH of the
model samples of processed cheeses (after 2 d of storage
at 6°C) without any pH adjustment on the composi-
tion of ternary mixtures of ES. It shows the pH values
of products made using ternary mixtures containing
DSP:TSPP:P05 or DSP:TSPP:P28. When using only
DSP with TSPP (without polyphosphates), the pH of
the processed cheeses was high (pH >6.40; P < 0.05).
With an increasing proportion of polyphosphates,

Table 1. The pH values of 1.0% (wt/vol) of the individual emulsifying salts (ES) in deionized water, of the model milk system (5.0% wt/vol of
skim milk powder in deionized water) with 0.3% (wt/vol) or 1.0% (wt/vol) of the individual ES, and of the model processed cheese with 3.0%

(wt/wt) of the individual ES (mean + SD; n = 9)

1.0% ES in

0.3% ES in 1.0% ES in Processed cheese

Emulsifying salt Code deionized water model milk system model milk system with 3.0% ES'
Disodinm phosphate DSP 9.43 + 0.01 6.56 = 0.01 7.20 £ 0.01 6.45 + 0.02
Tetrasodium diphosphate TSPP 10.06 £ 0.02 6.68 = 0.01 8.62 £ 0.01 6.63 &+ 0.03
Pentasodinm triphosphate PSTP 9.93 + 0.02 6.49 = 0.03 7.89 &+ 0.02 6.41 £+ 0.03
Sodium salt of polyphosphate”
(n~5) P5 8.46 + 0.02 6.30 = 0.01 6.98 £ 0.01 5.95 + 0.02
(n=9) P9 7.14 £ 0.01 6.17 = 0.01 6.46 £+ 0.01 5.44 + 0.02
(n ~ 13) P13 6.82 + 0.01 6.15 = 0.01 6.45 £ 0.01 5.38 £ 0.03
(n ~ 20) P20 5.93 £ 0.01 6.13 + 0.02 6.26 £+ 0.01 5.36 = 0.01
(n =~ 28) P28 4.27 £ 0.02 6.14 £ 0.01 6.25 £ 0.01 5.35 £+ 0.02

'pH values after 2 d of storage at 6°C.
*Where n indicates the length of the polyphosphate.
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Composition of ternary mixtures (DSP:TSPP:Pxx)

Figure 1. The dependence of pH values of the model samples (stored for 2 d at 6°C) on the relative amount (x-axis; %) of disodium phos-
phate (DSP), tetrasodium diphosphate (TSPP), and sodium salts of polyphosphate (P05, sodium salts of polyphosphate with medium length,
n & 5; P28 = sodium salts of polyphosphate with medinum length, n ~ 28) in a ternary mixture of emulsifying salts. The results are expressed

as means (n = 9).

the pH decreased gradually (P < 0.05). The slowest
decrease in pH of the processed cheeses (with an in-
creasing proportion of polyphosphate) was observed
in samples with the ternary mixtures containing P05.
On the other hand, pH values of the samples contain-
ing P28 decreased fastest (P < 0.05; Figure 1). The
development of pH values of processed cheeses with
other ternary mixtures with TSPP (DSP:TSPP:P09,
DSP:TSPP:P13, and DSP:TSPP:P20; data not
shown) was analogous and values ranged within the
interval defined by pH values of DSP:TSPP:P05 and
DSP:TSPP:P28. The replacement of TSPP with PSTP
did not lead to any significant differences in pH val-
ues of the model samples (P > 0.05; data not shown)
when comparing corresponding samples (e.g., processed
cheeses made using ternary mixtures of DSP:TSPP:P09
and DSP:PSTP:P09 at a ratio of 40:20:40 stored for 9
d at 6°C).

The real pH values in the model processed cheeses
with pH adjustment (to reach the intended target
pH of 5.60-5.80) ranged from 5.65 to 5.81 (data not
shown). With respect to production from cheese and
butter, the interval achieved can be considered ac-
ceptable. During a 30-d storage period at 6°C, a slight
decrease in pH of the model samples occurred. In most
samples, the decrease was between 0.1 and 0.2 pH
units (P < 0.05).

Effect of the Composition of Phosphate Ternary
Mixtures on Texture Parameters

Figure 2A-C shows the values of hardness of the
model samples for the ternary mixtures of ES of
DSP:TSPP:P05 after 2 (panel A), 9 (panel B), and
30 (panel C) d of storage at 6°C. A content of P05
<60% in the ternary mixtures of ES led to a rapid
increase in hardness of the products at a specific ratio
of DSP to TSPP of approximately 1:1 to 3:4 (Figure
2). Any deviation of the ratio of DSP to TSPP (with a
constant content of P05) resulted in a rapid decrease in
hardness. The influence of the specific ratio of DSP to
TSPP decreased with an increasing proportion of P05
in the ternary mixtures (P < 0.05). With an increasing
proportion of P05 >60%, the ratio of DSP to TSPP
did not have a significant influence on hardness of the
samples (P > 0.05; comparing the model processed
cheeses with a constant storage period). This general
development concerning the dependence of hardness
of the model processed cheeses on the composition of
ternary mixtures of ES was observed regardless of the
storage period of the model samples (Figure 2). With
an extending storage period, an increase in the abso-
lute values of hardness of the processed cheeses was
observed (P < 0.05; comparing the samples made using

a constant ratio of DSP:TSPP:P05).
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Composition of ternary mixtures (DSP:TSPP/PSTP:P05)

Figure 2. The dependence of processed cheese hardness (panels A to C), cohesiveness (unitless; panel D) and relative adhesiveness (unit-
less; panel E) on the relative amount (x-axis; %) of disodium phosphate (DSP), tetrasodium diphosphate (TSPP), or pentasodium triphosphate
(PSTP), and sodium salt of polyphosphate (P05, sodium salt of polyphosphate with medium length, n ~ 5) in a ternary mixture of emulsifying
salts during 30 d of storage at 6°C (A: d 2; B: d 9; C: d 30). The solid symbols (A to C) represent the samples without adjustment of pH values,
and the open symbols represent the samples whose pH values were adjusted to the optimal range of 5.65 to 5.81. The results of hardness in
processed cheese containing TSPP and PSTP are depicted using triangles (A, A) and circles (@, O), respectively, in panels A to C. The results
of cohesiveness (D; M) and relative adhesiveness (E; ¥) are for the ternary mixtures containing TSPP on d 2 of storage.

The results of the dependence of cohesiveness and
relative adhesiveness of the processed cheeses on the
composition of ternary mixtures of DSP:TSPP:P05 for
d 2 of storage at 6°C are illustrated in Figure 2D and
E. With a constant content of P05 <60%, a rapid de-
crease in cohesiveness of the processed cheeses was ob-
served at a ratio of DSP to TSPP of 1:1 to 1:2. Under
the same conditions (a constant content of P05 <60%),
a rapid decrease in relative adhesiveness of the samples

Journal of Dairy Science Vol. 97 No. 1, 2014

was observed at a ratio of DSP to TSPP from 1:1 to
3:4. Outside this specific interval for the ratio of DSP
to TSPP, both cohesiveness and relative adhesiveness
of the samples increased significantly (compared with
the samples with a constant content of P05). With an
increasing proportion of P05 in the ternary mixtures
of ES (up to 60%; Figure 2D and E), the influence of
the specific ratio of DSP to TSPP on cohesiveness and
relative adhesiveness of the samples decreased. With
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a proportion of P05 >60%, only a gradual decrease in
cohesiveness and relative adhesiveness was observed,
regardless of the ratio of the other 2 ES (Figure 2D
and E). This general trend corresponded to the de-
scription of dependence of cohesiveness and relative
adhesiveness of the samples on the proportion of DSP,
TSPP, and P05 in the ternary mixtures of ES, regard-
less of the storage period. After a 30-d storage period,
a slight increase in the values of cohesiveness and a
decrease in the values of relative adhesiveness occurred
(comparing model processed cheeses made with a con-
stant ratio of DSP:TSPP:P05 in the ternary mixture of
ES; data not shown). However, most of these changes
(depending on the storage period) were not significant
(P> 0.05).

The above-mentioned dependence of the texture pa-
rameters of processed cheeses on the composition of
ternary mixtures was presented on one type of ternary
mixture (DSP:TSPP:P05) in the samples without pH
adjustment. Different numbers of phosphorus atoms
linearly bound in the polyphosphates added to the
ternary mixtures with DSP and TSPP did not result
in a significant change in the above-mentioned specific
ratios (Figure 3). During application of all the poly-
phosphates tested (P05, P09, P13, P20, and P28), the
interval for the value of the specific ratio of DSP: TSPP
(which rapidly increased hardness and significantly
decreased cohesiveness and relative adhesiveness of the
processed cheeses) remained unchanged (P > 0.05).
However, the absolute values of textural parameters
were affected, especially those showing hardness of the
samples (Figure 3). In the case of P05 and P09, the
absolute values of hardness of the model cheeses were
slightly higher with the application of ternary mixtures
with 20 and 40% polyphosphate content compared
with the products with the application of P20 and P28
polyphosphates (P < 0.05; Figure 3). The same trend
for an increase in hardness of the model samples was
observed in the ternary mixtures with 50% P05 and
P09 (compared with the application of P20 and P28
polyphosphates) but these changes were not significant
(P > 0.05; Figure 3).

With the application of polyphosphate reaching
>60%, hardness of the processed cheeses decreased
slowly as the number of phosphate units decreased
(Figure 3). Significant differences were observed mainly
between the samples with P05 and P09 compared
with P20 and P28 (P < 0.05). Significant differences
in hardness between the samples with P20 and P28
polyphosphates were not observed (P > 0.05); the same
was true for samples containing P05 and P09 (P >
0.05). The absolute values of hardness of the processes
cheeses with the application of P13 were close to that
of samples containing P20 or P28 (Figure 3).

The application of PSTP in the ternary mixtures
did not result in any changes in the general trends of
dependence of the processed cheeses hardness on the
composition of ternary mixtures of phosphates (com-
pared with the application of TSPP; Figures 2 and 3).
The replacement of TSPP with PSTP affected only the
absolute values of hardness in some model samples.
Significantly lower (P < 0.05; Figures 2 and 3) absolute
values of hardness of the processed cheeses (with the
exception of DSP and PSTP used on their own) were
observed with a zero content of polyphosphate com-
pared with the products containing TSPP. A similar
conclusion concerning lower hardness of the model sam-
ples was reached for 20% and 40% polyphosphate con-
tent in the ternary mixtures (P < 0.05; compared with
the same ternary mixtures containing TSPP; Figures 2
and 3). Changes in hardness of the processed cheeses
containing >50% polyphosphate were not statistically
significant (P > 0.05), regardless of the storage period.
A longer storage period led to an increase in the values
of hardness of the processed cheeses (P < 0.05) regard-
less of the ternary mixture used.

The values of cohesiveness of model samples ranged
from 0.49 to 0.69. The values of relative adhesiveness of
the individual samples of processed cheeses ranged from
0.20 to 0.41. Extending the length of the polyphosphate
chain resulted in no clear trend in the changes of cohe-
siveness or relative adhesiveness of the model processed
cheeses.

Adjusting the pH of the processed cheeses (to reach
the optimal range of 5.65-5.81) significantly influenced
(P < 0.05) the absolute values of hardness (Figures 2
and 3), cohesiveness, and relative adhesiveness (data
not shown) of the samples (compared with the prod-
ucts without any pH adjustment). In products where
pH was increased (by means of NaOH), the hardness
and cohesiveness decreased, whereas relative adhesive-
ness increased slightly. When the pH of the processed
cheeses was decreased (by means of HCI), hardness
and cohesiveness of the samples increased and relative
adhesiveness decreased. The greater the shift in pH,
the more significant changes were observed (Figures 2
and 3). Adjusting the pH did not have a significant
effect on the general trends of changes resulting from
the application of sodium salts of polyphosphates with
different lengths of chain (P5, P9, P13, P20, and P28)
or from the replacement of TSPP with PSTP (Figures
2 and 3).

Results of the Optical Density
Measurement of Milk Systems

The intensity of casein dispersion in 5% (wt/vol) milk
system was evaluated by measuring the optical density
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Figure 3. The dependence of processed cheese hardness on the relative amount (x-axis; %) of disodium phosphate (DSP), tetrasodium di-
phosphate (TSPP), or pentasodium triphosphate (PSTP) and sodium salt of polyphosphate (with different chain lengths): P05 (n ~ 5, panel
A), P09 (n = 9, panel B), P13 (n = 13, panel C), P20 (n = 20, panel D), and P28 (n ~ 28, panel E) in a ternary mixture of emulsifying salts
after 30 d of storage at 6°C. The solid symbols (A to C) represent the samples without adjustment of pH values, and the open symbols represent
the samples whose pH values were adjusted to the optimal range of 5.65 to 5.81. The results of processed cheese hardness containing TSPP and

PSTP are depicted using triangles (A, A) and circles (@, O), respectively, in panels A to C.

at A = 700 nm. The principle of this method is based on
the assumption that the lower the value of optical den-
sity in the milk system, the more the casein is dispersed
(Kaliappan and Lucey, 2011). The results of the optical
density measurement of milk system containing the
ternary mixtures of DSP, TSPP, and Pxx are shown in
Figure 4 (the results were expressed as percentage with
respect to the control sample, milk system without any

Journal of Dairy Science Vol. 97 No. 1, 2014

phosphate addition). The addition of ternary mixtures
of phosphates was set at 0.3% (wt/vol), which corre-
sponds to the ratio of protein:phosphate in processed
cheeses (Guinee et al., 2004).

When applying the phosphates individually, the
intensity of casein dispersion increased with an increas-
ing number of phosphorus atoms linearly bound in the
phosphate molecule (P < 0.05; Figure 4; for PSTP used
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Figure 4. The dependence of percentage of absorbance of the model milk systems (% rel.; in relation to the model milk systems without
phosphate addition = 100%) on the relative amount (x-axis: %) of disodium phosphate (DSP), tetrasodium diphosphate (TSPP), and sodium

salt of polyphosphate (with different chain lengths): P05 (n &~ 5), P09 (n =~ 9), P13 (n = 13), P20 (n ~ 20), and P28 (n = 28) in a ternary

mixture of emulsifying salts. The results are expressed as means (n = 9).
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with 80 and 100% Pxx content. In the ternary mixtures
containing DSP, PSTP, and Pxx, the general trends de-
termined were similar to those of the ternary mixtures
with TSPP (data not shown).

DISCUSSION

During the production of processed cheeses, phos-
phate ES play an important role in dispersion of the
caseins present and subsequent formation of the final
matrix of the processed cheeses; that is, the creaming
process. Emulsifying salts also play a part in pH ad-
justment and stabilization (Marchesseau et al., 1997;
Kawasaki, 2008). On the basis of our results, the pH
of the processed cheeses decreases when the length of
the linear phosphate chain is extended. This might be
explained by the release of hydrogen cations (which
are more numerous in long phosphates compared with
shorter phosphates) into the melt, which decreases the
pH. Therefore, the application of longer phosphates re-
quires an adjustment of the pH of the processed cheeses
by means of other ES to reach the optimal range for the
given type of product.

The intensity of casein dispersion in the melt depends
mainly on the type and concentration of the ES (Cari¢
and Kaldb, 1997; Brickley et al., 2008; Dimitreli and
Thomareis, 2009). From our results concerning the op-
tical density measurement of milk systems with ternary
mixtures of phosphates, more intensive casein dispersion
is reached (1) with the application of a greater amount
of polyphosphates (in ternary mixture); and (2) when
using polyphosphates with a longer chain. This could
be explained by the fact that the longer chain length
of sodium salts of phosphates affects the intensity of
ion exchange (of sodium ions for calcium ions). The
addition of ES leads to casein dispersion, the intensity
of which increases with the intensity of ion exchange
(Mizuno and Lucey, 2007; Dimitreli and Thomareis,
2009). According to Dimitreli and Thomareis (2009),
Shirashoji et al. (2010), and Cunha et al. (2013), casein
dispersion is closely related to matrix formation of the
final processed cheeses. More intensive casein dispersion
enables these proteins to develop their emulsifying and
hydration abilities and to stabilize the fat and water
present in the mixture. Increasing intensity of protein
hydration and fat emulsification leads to a higher in-
tensity of interactions in the melt and thus a higher
intensity of casein crosslinking. A greater number of
cross linkages that are in the matrix of the product will
result in a harder processed cheese (Mizuno and Lucey,
2005a; Shirashoji et al., 2010; Bayarri et al., 2012).

The above-mentioned processes can explain the
phenomenon that was also observed in our study: the
application of long-chain phosphates used individually

Journal of Dairy Science Vol. 97 No. 1, 2014

resulted in greater hardness of the processed cheese
(P < 0.05; Figures 2 and 3). Hardness increased with
the application of phosphate ES used individually in
the following order: DSP < TSPP < PSTP < P05
< P09 =~ P13 < P20 ~ P28. Similar trends for DSP,
TSPP, PSTP, and P20 were published by Weiserova et
al. (2011) and Bunika et al. (2012, 2013).

However, casein dispersion processes alone do not
sufficiently explain the specific ratio of DSP:TSPP or
DSP:PSTP (~1:1-3:4) that led to a rapid increase in
hardness of the processed cheeses observed in our study.
The influence of this specific ratio on texture param-
eters of the processed cheeses declined as the amount
of polyphosphates increased (regardless of their chain
length). With the relative amount of polyphosphates
reaching >60%, the influence of the specific ratio on
hardness of the processed cheeses became insignificant,
in agreement with published studies (Bunika et al.,
2012, 2013). The justification for the existence of the
specific ratios of DSP:TSPP or DSP:PSTP (~1:1-3:4)
was sought mainly in the ability of diphosphates and
triphosphates to enhance gel formation of milk proteins.
In all probability, another important aspect is the abil-
ity of monophosphates to permeate into cross-linked
caseins and strongly bind water (Mizuno and Lucey,
2007; Shirashoji et al., 2010; Buiika et al., 2012). Ka-
liappan and Lucey (2011) observed a strong ability of
the mixture of mono- and diphosphates to enhance gel
formation in model milk systems, which was explained
by the fact that monophosphates enhance the forma-
tion of bridges between diphosphate complexes with
calcium ions and caseins. Mizuno and Lucey (2007)
state that an optimal concentration of diphosphates
exists for effective gel formation. Excessive or insuf-
ficient concentrations of diphosphates can lead to the
formation of very weak gels.

The link between decreasing hardness of the processed
cheeses with the ratio of DSP:TSPP or DSP:PSTP
from 1:1 to 3:4 and an increasing concentration of
polyphosphates can be found mainly in the ability
of polyphosphates to give caseins multiple negative
charges, which probably leads to a lower intensity of
hydrophobic interactions of the dispersed caseins and
thus decreased hardness of the final matrix (Mizuno
and Lucey, 2007; Shirashoji et al., 2010; Bunka et
al., 2012, 2013). However, confirmation of the above-
mentioned hypotheses requires several further studies,
which should focus mainly on the process of forming a
3-dimensional matrix of the processed cheeses.

Our results revealed that the usage of polyphosphates
with different mean length of the linear chain (5 to
28 monomers) affects only the absolute values of the
texture parameters measured, not the general trends of
dependence of the texture parameters on the composi-
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tion of ternary mixtures of ES such as monophosphate:
diphosphate:polyphosphate described in Bunka et
al. (2012, 2013). The values of the specific ratios of
DSP:TSPP or DSP:PSTP leading to a rapid increase in
hardness and a decrease in cohesiveness and relative ad-
hesiveness remained practically unchanged, regardless
of the length of the polyphosphate used. However, the
type of polyphosphate used affected the absolute values
of hardness in the processed cheeses, especially with the
relative content of the polyphosphate in ternary mix-
tures reaching 20 to 50%. A decrease in the number of
monomers linearly bound in the polyphosphate resulted
in an increase in the absolute values of hardness in the
processed cheeses with the polyphosphate content of 20
to 50% within the ternary mixture. The explanation of
this phenomenon is not obvious. It might be based on
the ability of polyphosphates to give caseins multiple
negative charges, which might increase with the length
of the linear polyphosphate (Shirashoji et al., 2010;
Weiserova et al., 2011; Buika et al., 2012, 2013). Short-
er polyphosphates (i.e., P05 and P09) probably cause a
lower intensity of the negative charge on caseins, which
can lead to a higher intensity of hydrophobic interac-
tions of the dispersed caseins and thus lower hardness
of the final matrix (Shirashoji et al., 2010; Buiika et al.,
2013). With a higher relative content of polyphosphates
(>50%) in the ternary mixtures, the influences of the
individual polyphosphates on casein dispersion seem to
be predominant, as described above.

Pentasodium triphosphate is thought to enhance gel
formation of caseins to a lesser extent than TSPP (Wei-
serova et al., 2011; Buiika et al., 2013), which could
explain the lower values of hardness in the processed
cheeses produced by means of ternary mixtures of
DSP:PSTP:Pxx with Pxx content of 0 to 50% com-
pared with the products made by means of ternary
mixtures of DSP:TSPP:Pxx.

The adjustment of pH values to reach the optimal
range (5.65-5.81 in our experiment) did not lead to
a change in the general trend concerning the depen-
dence of texture parameters on the composition of
ternary mixtures of ES such as DSP:TSPP:Pxx or
DSP:PSTP:Pxx. Only the absolute values of texture
parameters of the samples were affected. An increase
in pH led to a decrease in hardness of the processed
cheeses and vice versa. The explanation could lie in the
changed intensity of the negative charge on caseins as
a result of the fluctuation in pH values. Increasing pH
leads to a higher intensity of the negative charge on
the dispersed caseins, the repulsion of which is stronger
and thus the intensity of hydrophobic interactions in
the system decreases. These processes result in lower
hardness of the final matrix (Marchesseau et al., 1997;
Lee and Klostermeyer, 2001).

During a 30-d storage period of the processed cheeses
(at 6°C), a slight increase in hardness of the processed
cheeses was observed, regardless of the composition of
the ternary mixtures of ES applied or pH adjustment of
the melt during production. A more significant change
in the texture parameters was observed during the first
9 d. The change in texture parameters between d 9
and 30 of storage was much less significant compared
with the change between d 2 and 9 of storage, which
corresponds to several published studies (Cari¢ and
Kalab, 1997; Weiserova et al., 2011; Buika et al., 2012,
2013). The change in texture parameters of processed
cheeses during their storage period can be explained by
several factors: (1) a slight decrease in pH values of the
processed cheeses (also observed in our study); (2) hy-
drolysis of the ES used (with more than 2 phosphorus
atoms in a molecule); (3) possible changes in the forms
of binding of the salts present and thus a change in
their dissociative characteristics; and (4) polymorphism
of dairy fat and a gradual change of its crystal form
(Cari¢ and Kalab, 1997; Muslow et al., 2007; Shirashoji
et al., 2010).

CONCLUSIONS

The aim of the study was to observe texture param-
eters of model samples of processed cheese with the
addition of ternary mixtures containing DSP, TSPP,
and polyphosphate with different mean lengths (n ~
5,9, 13, 20, and 28). In the second part, TSPP was
replaced with PSTP. The samples were made without
and with pH adjustment (to achieve pH values typi-
cal of processed cheese spreads). The influence of the
ternary mixture composition on the dispersion of casein
micelles was also observed in the model milk system.
With a low content of polyphosphate, hardness of the
processed cheese increased and cohesiveness and rela-
tive adhesiveness decreased at a ratio of DSP to TSPP
around 1:1 to 3:4. An increasing amount of polyphos-
phate (in the ternary mixture) led to a decrease in
hardness of the processed cheese at this specific ratio.
With the relative amount of polyphosphates reach-
ing >60%, the influence of this specific ratio became
insignificant. This trend was observed in all ternary
mixtures; the only differences were found in the ab-
solute values of texture parameters of the processed
cheeses. Replacing TSPP with PSTP did not affect the
general trend either. However, the absolute values of
hardness of model samples with the addition of PSTP
were lower compared with the usage of TSPP. Dura-
tion of the storage period increased hardness of the
processed cheeses. In the samples where pH was inten-
tionally increased, hardness and cohesiveness decreased
and relative adhesiveness increased slightly. The reverse
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trend was observed in samples in which pH was de-
creased. The more significant the pH adjustment, the
more noticeable the changes observed. However, pH ad-
justment did not affect the value of the specific ratio of
DSP:TSPP and DSP:PSTP and its general influence on
texture parameters of the processed cheeses. The influ-
ence of the specific ratio of DSP:TSPP and DSP:PSTP
and the general trend concerning the dependence of
composition of the ternary mixtures of phosphate ES
on the texture parameters of processed cheeses cannot
be attributed only to the effect of phosphates on the
dispersion of casein structures in the melt. During the
creaming process, other interactions occur that affect
the final form of the casein matrix.
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Ternary mixtures consisting of phosphate and citrate emulsifying salts were studied for their impact on
selected textural properties (especially hardness) of processed cheese spreads over a 30 day storage
period at 6 + 2 °C. Two different groups of samples were manufactured, one with pH adjustment (target
values within the interval of 5.60—5.80) and one without pH adjustment. When binary mixtures with
trisodium citrate (TSC) and tetrasodium diphosphate (TSPP) were used (with zero content of the other

salts tested in the ternary mixture), the products consisting of TSC and TSPP at a ratio of approximately
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1:1 were the hardest. Increasing the content of TSC, TSPP and/or sodium salt of polyphosphate and
decreasing that of disodium hydrogen phosphate (DSP) in ternary mixtures resulted in the increasing of
the hardness of processed cheese. The absolute values of processed cheese hardness significantly
changed as a result of pH adjustment.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The term “processed cheese” describes a dairy product made by
heating a mixture of various cheese types of different degrees of
maturity in the presence of appropriate emulsifying salts (mostly
sodium phosphate, polyphosphates, citrates and/or their combi-
nations), usually under reduced pressure (vacuum) with constant
stirring, commonly in the temperature range of 90—100 °C, until a
smooth and homogenous compact mass is formed with desired
textural properties. Optional dairy (butter, anhydrous milk fat, skim
milk powder, whey powder, coprecipitates, caseinates, etc.) and
non-dairy (water, vegetables, spices, flavourings, colourings, salt,
hydrocolloids, preservatives, etc.) ingredients can be added into the
blend (Guinee, Cari¢, & Kalab, 2004; Kapoor & Metzger, 2008).

Emulsifying salts (ES) have a key role during the manufacturing
of processed cheese. They possess the ability to sequester calcium
from the casein matrix by exchanging sodium ions, which results in

* Corresponding author. Tel.: +420 576 033 011.
E-mail address: bunka@ft.utb.cz (F. Bunka).

http://dx.doi.org/10.1016/j.idairyj.2014.12.009
0958-6946/© 2014 Elsevier Ltd. All rights reserved.

the conversion of insoluble calcium paracaseinate into soluble so-
dium paracaseinate (Guinee et al., 2004; Kapoor & Metzger, 2008).
Within the matrix sodium paracaseinate acts as an emulsifier at the
oil-in-water interface. The control and stabilisation of the pH level
and an influence on the formation of a final structure after cooling
are some of the additional effects of ES (Dimitreli & Thomareis,
2009; El-Barky, Duggan, O'Riordan, & O'Sullivan, 2011; Guinee
et al., 2004).

Not all emulsifying salts have the same calcium ion-exchange
ability. The phosphate ion-exchange ability increases with
increasing P05 content in the following order: monophosphate <
diphosphate < triphosphate < polyphosphate (Bunka et al., 2013;
Guinee et al., 2004; Shirashoji, Jaeggi, & Lucey, 2006). El-Bakry
et al. (2011) and Mizuno and Lucey (2005) stated that trisodium
citrate presents better calcium chelating ability and casein pepti-
sation properties than do sodium mono- and diphosphates. The
effect of the individual phosphates and composition of phosphate
binary and ternary mixtures on textural properties of processed
cheese has been previously studied (Bunka et al., 2013; Dimitreli &
Thomareis, 2009; El-Bakry et al., 2011; Lu, Shirashoji, & Lucey,
2008; Sadlikova et al., 2010; Shirashoji et al., 2006; Weiserovd et al.,
2011).
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Processed cheeses in which the content of DSP is predominant
have softer consistency. On the other hand, when polyphosphates
are dominant in the binary and ternary mixtures, the hardness of
the product increases (Bunka et al., 2013; Weiserova et al., 2011).
According to Bunka et al. (2013), a specific ratio of DSP to TSPP
exists that significantly affects textural parameters of processed
cheese. Bunka et al. (2013) found that when the polyphosphate
content was at low levels (less than 60%) and the ratio of DSP to
TSPP ranged from 1:1 to 3:4, the hardness of the processed cheeses
increased, while their cohesiveness and relative adhesiveness
decreased. However, there is no existing study delineating how
ternary mixtures containing parallel phosphate and citrate ES in-
fluence textural properties of processed cheese.

The first aim of this study was to investigate the effect of the
ternary mixtures of phosphate and citrate ES [consisting of diso-
dium hydrogen phosphate (Na;HPO4; DSP), tetrasodium diphos-
phate (NayP,07; TSPP), sodium salt of polyphosphate with the
mean length n = 20 (P20) and trisodium citrate (C;HsNa307; TSC)]
on selected textural properties (hardness, relative adhesiveness,
and cohesiveness) of processed cheese over a 30 day storage period.
The effect was observed (i) in samples with non-modified pH
arising from the interactions of the emulsifying salt mixtures, as
well as (ii) in samples with modified pH (target values within the
interval of 5.60—5.80), which correspond to the standard pH values
of processed cheese spreads. The second aim was to investigate the
effect of the above-mentioned mixtures on casein micelle disper-
sion in a model milk system.

2. Materials and methods
2.1. Processed cheese samples manufacture

The composition of the raw materials, comprising Edam cheese
blocks (50%, w/w, dry matter content, 30%, w/w, fat on dry matter
content, 7-week maturity), butter (82%, w/w, dry matter content)
and water, for processed cheese production was designed to
achieve final products with 40% (w/w) dry matter content and 50%
(w/w) fat in dry matter content. Ternary mixtures of DSP, TSPP, P20
(all from Fosfa, Breclav—Postornd, Czech Republic) and TSC (Merck,
Darmstadt, Germany) were applied as ES, resulting in four types of
ternary mixtures comprising DSP:TSC:P20, DSP:TSPP:TSC,
TSC:TSPP:P20 and DSP:TSPP:P20. All four types of ternary mixtures
of ES were blended in staggered proportions in steps of 20% (the
percentages of the components calculated on the basis of total
weight of ES, where total weight = 100%) and with some selected
50:50 ratios (viz. 100:0:0; 80:20:0; 60:40:0; 50:50:0; 40:60:0;
20:80:0; 0:100:0; 80:0:20; 60:20:20; 40:40:20; 20:60:20; 0:80:20;
60:0:40; 40:20:40; 20:40:40; 0:60:40; 50:0:50; 30:20:50; 0:50:50;
40:0:60; 20:20:60; 0:40:60; 20:0:80; 0:20:80; 0:0:100). This gave
26 variants in total. Each combination was made in duplicate giving
208 lots in total (4 types of ternary mixtures x 26 variants x 2
productions). The total concentration of the applied ternary mix-
tures was 3% (w/w) of the total weight of the melt. For the manu-
facture of the model processed cheese samples a Thermomix TM
31-1 blender cooker (Vorkwerk & Co., GmbH, Wuppertal, Germany)
with indirect heating was used. The same device was also used by
Bunka et al. (2013), Cernikova et al. (2010), Lee, Anema, and
Klostermeyer (2004) and Weiserova et al. (2011). The manufac-
ture protocol was described in Bunka et al. (2013) and Weiserova
et al. (2011). The hot melt mass was set into cylindrical poly-
propylene pots (52 mm in diameter; 50 mm high) and wrapped
with aluminium lids (at least 12 pots from each batch were ob-
tained). The packed samples were cooled and stored at 6 + 2 °C.
Analyses were performed on the second, ninth and thirtieth day of
storage (day 1 was the production day).

In addition, model samples of processed cheese were manu-
factured in which the pH was modified to approach a target value of
5.60—5.80, using acid or alkali (1 mol L~ HCl or NaOH). The
manufacturing technique was identical to that used for the
manufacture of processed cheese samples without any pH value
modification. The estimated (according to a pilot study — unpub-
lished data) amount of acid or alkali was added at 85—86 °C,
30-50 s before reaching the melting point. Water addition was
reduced by the estimated amount of acid or alkali to maintain
constant values of dry matter and fat in dry matter contents,
respectively. Thus, another 208 lots (4 types of ternary
mixtures x 26 variants x 2 productions) were made in total.

2.2. Dry matter content and pH measurement

Dry matter content was gravimetrically analysed according to
ISO (2005). Values of pH were determined at ambient temperature
by inserting a glass tip electrode of a calibrated pH-meter (pH Sper,
Eutech Instruments, Oakton, Malaysia) directly into the processed
cheese at three randomly chosen locations (in each pot).

2.3. Texture profile analysis

Three textural parameters (i.e., hardness, cohesiveness, relative
adhesiveness) of processed cheese samples were observed using a
TAXT plus texture analyser (Stable Micro Systems Ltd., Godalming,
Surrey, UK). Two sequential penetration events (cylindrical probe
P20 with 20 mm diameter, penetration depth 10 mm, probe speed
2 mm s, trigger force 5 g, strain of deformation 25%) were
implemented during the measurements. The probe directly pene-
trated the samples in the polypropylene cups (after removing the
aluminium foil). Results were recorded as force-displacement/time
curves describing the force (N) needed to deform the sample pro-
portionally with time (s) (Bunka et al., 2013; Piska & Stétina, 2004;
Weiserova et al, 2011). Values of hardness, cohesiveness and
relative adhesiveness were calculated according to Weiserova et al.
(2011). Each cup was used for penetration only once. The mea-
surement was carried out at 6 + 2 °C (each cup was measured
immediately after removing from a fridge where samples were
stored). On each day of analysis, each variant of ternary mixtures
was measured in triplicate; two batches were manufactured.

2.4. Model milk samples preparation and optical density
measurements

The model milk samples were prepared according to Nagyova
et al. (2014) using skim milk powder (protein content
35.91 + 0.62%, w/w, analysed using Kjeldahl method and applying a
multiplying coefficient of 6.38; Moravia Lacto PLC, Jihlava, Czech
Republic) reconstituted (5%, w/v) in deionised water (YL Instru-
ment Co., Ltd., Anyang, Korea) to maintain the ionic environment at
constant level. Sodium azide (0.02%, w/v) was added to prevent
potential microbial contamination. The pH of the models was
adjusted (using 1 mol L™! HCl) to approach the value of 5.80 + 0.01.
The total concentration of the applied ES was 0.3% (w/v). The op-
tical density was measured using an UVmini-1240 UV-VIS spec-
trophotometer (Shimadzu, Kyoto, Japan) at a wavelength of 700 nm
(using 10 mm cells made of optical glass; HellmaAnalytics, Miill-
heim, Germany) against deionised water. Ten minutes after ES
addition the pH of systems were adjusted to the targeted pH-value
(5.80 + 0.01) and after additional 50 min stirring the samples were
analysed. The control sample was prepared in the same manner but
without the addition of emulsifying salt. The casein micelles
dispersion evaluation was expressed in terms of optical density,
according to the method of Kaliappan and Lucey (2011).
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Table 1
The pH-values of emulsifying salt (ES) systems.”
ES 1.0% (wfv) ESin  03% (w/v)ES  1.0%(w/v) ES  Processed cheese

deionised water  in model milk in model milk  with 3.0% (w/v) ES

system system
DSP 9.46 + 0.01 6.54 + 0.01 7.19 +0.01 6.43 + 0.02
TSPP  10.02 + 0.01 6.66 + 0.02 8.69 + 0.02 6.48 + 0.02
P20 5.95 + 0.02 6.19 + 0.02 6.22 + 0.01 5.33 + 0.02
TSC 836 + 0.01 6.42 + 0.01 6.81 + 0.02 6.44 + 0.02

@ Abbreviations are: DSP, disodium hydrogen phosphate (E339); TSPP, tetraso-
dium diphosphate (E450); P20, sodium salt of polyphosphate (E452); TSC, trisodium
citrate (E331). Values are means + standard deviation (n = 18); for processed cheese
with 3.0% (w/v) ES the values are after 2 days storage at 6 °C.

2.5. Statistical analysis

The results were analysed by non-parametrical analysis of
variance of Kruskall-Wallis and Wilcoxon tests (Unistat® 5.5 soft-
ware; Unistat, London, UK), where the significance level was 0.05.

3. Results
3.1. Basic chemical analysis

The dry matter content of the processed cheese samples ranged
from 40.25 to 41.01% (w/w), a range is similar to that reported by
Dimitreli and Thomareis (2009) and Lee et al. (2004).

The pH values of the model solutions of ES in deionised water
and in milk systems are shown in Table 1. Results of samples with
deionised water fluctuated in a wider pH range (5.92—10.07)
compared with those in the milk system (6.23—8.66; comparing
concentration of 0.3% and 1.0%, w/v, of ES). A possible explanation
for the differences in the pH values is the buffering capacity of the
milk system (Kaliappan & Lucey, 2011; Mizuno & Lucey, 2005).

The pH values of the processed cheeses with the addition of the
individual phosphate or citrate ES are presented in Table 1. The pH
values obtained for processed cheeses made with DSP, TSPP and
TSC were similar and higher than for those made with P20
(P < 0.05).
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Fig. 1 illustrates the dependence of pH values of the model
processed cheese samples (stored for 2 days at 6 + 2 °C) on the
relative amount of ternary mixtures of DSP:TSPP:P20 (panel A),
DSP:TSC:P20 (panel B), DSP:TSPP:TSC (panel C), TSC:TSPP:P20
(panel D). The inclusion of TSC into the processed cheese samples
had an effect similar to that of DSP or TSPP. The pH values of the
processed cheese samples significantly decreased (P < 0.05) with
the increasing proportion of P20 in the ternary mixtures.

The actual pH values of the processed cheese samples with pH
modification ranged from 5.65 up to 5.89. The interval (for samples
with adjusted pH values) can be considered acceptable with respect
to manufacture from actual ingredients such as cheese and butter.
During the 30 day storage period at 6 + 2 °C a minor decrease in the
pH of the processed cheese samples occurred. The majority of the
samples showed a decrease of pH-values between 0.1 and 0.2
(P < 0.05).

3.2. Effect of the composition of phosphate and citrate ternary
mixtures on textural parameters

The results of hardness of the model processed cheeses are
shown in Figs. 2—5. With respect to individual ES, the samples
prepared with TSC were harder than those prepared with DSP
(P < 0.05) and even slightly harder than that prepared with TSPP.
The sample prepared with P20 was the hardest (P < 0.05).

Fig. 2 depicts the development of hardness of the processed
cheese samples, depending on the composition of the ES ternary
mixtures composed of DSP, TSC and P20. From the results it can be
concluded that with the increasing proportion of TSC and P20 (with
a reduction in DSP), the hardness of the processed cheese samples
also increased (P < 0.05). A grater increase in hardness was
particularly observed when the proportion of P20 increased in the
ternary mixtures of ES (P < 0.05).

Fig. 3 shows values for hardness of the processed cheese sam-
ples of the ternary mixtures of TSC:TSPP:P20 with and without pH
modification after 2, 9 and 30 days of storage at 6 + 2 °C. When the
proportion of P20 was at zero levels in the ternary mixtures of ES,
firmer processed cheese samples were obtained with TSC and TSPP
at a ratio approximately of 1:1 (P < 0.05). Any deviation from this
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Fig. 1. The dependence of pH values of the model processed cheeses (stored 2 days at 6 °C) on the relative amount (in percentage; percentage of ternary mixtures was calculated on
the total weight of emulsifying salts = 100%) of ternary mixtures of disodium hydrogen phosphate (DSP), tetrasodium diphosphate (TSPP), sodium salts of polyphosphate (P20) and
trisodium citrate (TSC): panel A, DSP:TSPP:P20; panel B, DSP:TSC:P20; panel C, DSP:TSPP:TSC; panel D, TSC:TSPP:P20. The results are expressed as means (n = 18); standard

deviations were in range of 0.01-0.03 and are not displayed.
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Fig. 2. The dependence of processed cheese hardness (calculated as maximum force
during the first penetration cycle; N) on the relative amount (in percentage; per-
centage of ternary mixtures was calculated on the total weight of emulsifying
salts = 100%) of disodium hydrogen phosphate (DSP), trisodium citrate (TSC) and so-
dium salt of polyphosphate P20 in a ternary mixture over 30 days storage at 6 °C (¥,
day 2; O, day 9; M, day 30): panel A, samples without pH adjustment; panel B,
samples with pH was adjustment to the optimal range of 5.65—5.89. The results are
expressed as means and standard deviation (n = 6).

ratio resulted in a significant hardness decrease (P < 0.05). How-
ever, this phenomenon was only observed in the absence of P20 in
the ternary mixtures of ES. With the increasing proportion of P20
the hardness of the model samples also increased (P < 0.05). On the
other hand, at constant levels of P20 the hardness of the model
samples was lightly reduced when TSC decreased and TSPP amount
increased (P > 0.05).

In case of ES ternary mixtures composed of DSP, TSPP and TSC
(Fig. 4) the specific ratio of DSP:TSPP (approximately 1:1-2:3) was
identified, as leading to a significant increase in hardness of the
samples (P < 0.05). However, the influence of the latter specific
ratio rapidly decreased, with the increasing proportion of TSC
(P < 0.05) in the ternary mixture. The influence of this specific ratio

Ratio of DSP:TSPP:TSC

Fig. 4. The dependence of processed cheese hardness (calculated as maximum force
during the first penetration cycle; N) on the relative amount (in percentage; per-
centage of ternary mixtures was calculated on the total weight of emulsifying
salts = 100%) of disodium hydrogen phosphate (DSP), tetrasodium diphosphate (TSPP)
and trisodium citrate (TSC) in a ternary mixture over 30 days storage at 6 °C (¥, day 2;
(O, day 9; W, day 30): panel A, samples without pH adjustment; panel B, samples with
pH was adjustment to the optimal range of 5.65—5.89. The results are expressed as
means and standard deviation (n = 6).

on hardness of the samples even at 40% levels of TSC was insig-
nificant (P > 0.05). On the other hand, if the proportion of TSC was
higher than 40% in the ternary mixture of ES, the hardness of the
samples increased with the increasing proportion of TSPP and TSC
and with the decreasing levels of DSP. Fig. 4 also shows the influ-
ence of the specific ratio of TSC to TSPP (at zero levels of DSP) on
hardness of the processed cheese samples (P < 0.05), a phenome-
non also observed in Fig. 3. Nevertheless, with an increasing pro-
portion of DSP in the ternary mixtures of ES the impact effect of the
specific ratio of TSC to TSPP on processed cheeses hardness was
almost negligible.

Fig. 5 illustrates the values of hardness of the processed cheese
samples of the ternary mixtures of DSP:TSPP:P20 with and without
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Fig. 3. The dependence of processed cheese hardness (calculated as maximum force
during the first penetration cycle; N) on the relative amount (in percentage; per-
centage of ternary mixtures was calculated on the total weight of emulsifying
salts = 100%) of trisodium citrate (TSC), tetrasodium diphosphate (TSPP) and sodium
salt of polyphosphate (P20) in a ternary mixture over 30 days storage at 6 °C (¥, day
2; O, day 9; W, day 30): panel A, samples without pH adjustment; panel B, samples
with pH was adjustment to the optimal range of 5.65—5.89. The results are expressed
as means and standard deviation (n = 6).

3
2
Ratio of DSP:TSPP:P20

Fig. 5. The dependence of processed cheese hardness (calculated as maximum force
during the first penetration cycle; N) on the relative amount (in percentage; per-
centage of ternary mixtures was calculated on the total weight of emulsifying
salts = 100%) of disodium hydrogen phosphate (DSP), tetrasodium diphosphate (TSPP)
and sodium salt of polyphosphate (P20) in a ternary mixture over 30 days storage at
6°C(V.day2; O, day9; W, day 30): panel A, samples without pH adjustment; panel
B, samples with pH was adjustment to the optimal range of 5.65—5.89. The results are
expressed as means and standard deviation (n = 6).

99



R.N. Salek et al. / International Dairy Journal 44 (2015) 37—43 41

pH values adjustment after 2, 9 and 30 days of storage at 6 + 2 °C.
The effect of the specific ratio of DSP:TSPP (approximately 1:1—2:3)
on hardness of the processed cheese samples were also noticed (the
same phenomenon as in Fig. 4).

The pH values adjustment to the optimal range (actual achieved
interval 5.65—5.89) resulted in significant changes in values of
hardness of the samples (P < 0.05; Figs. 2—5). When the pH values
were decreased (addition of acidic solution), the firmness of the
samples increased. Conversely, when the pH values were increased
(addition of alkaline solution), a decrease of the samples hardness
was observed. The above mentioned trends of hardness of the
processed cheese samples depending on the ternary mixtures of
emulsifying salts composition, consisting of DSP, TSPP, TSC and P20
remained similar, only the absolute values of firmness of the
samples changed significantly (P < 0.05).

During the 30 day storage period the hardness of the processed
cheese samples significantly increased (P < 0.05) over the storage
period (Figs. 2—5). For most of the compared samples with the
same emulsifying salt composition during the storage period, this
increase was statistically significant (P < 0.05).

The values of cohesiveness for the processed cheese samples
were (in cases of individually used ES): DSP, 0.63—0.66; TSPP,
0.66—0.71; P20, 0.57—-0.59; TSC, 0.65—0.67; adhesiveness values
were: DSP, 0.35—-0.37; TSPP, 0.31-0.34; P20, 0.24—0.27; TSC,
0.38—0.40. The development of cohesiveness and relative adhe-
siveness was in accord with the changes in proportion of
DSP:TSC:P20 and TSC:TSPP:P20. Furthermore, with a constant
content of P20 <60% and TSC <40%, a decrease in cohesiveness of
the processed cheeses was observed at a ratio of DSP:TSPP
(1:1-2:3). On the other hand, under the same conditions (a con-
stant content of P20 <60% and TSC <40%), a decrease in relative
adhesiveness of the samples was also observed at a ratio of
DSP:TSPP (1:1—-2:3). Moreover, outside this specific interval for the
ratio of DSP:TSPP, both cohesiveness and relative adhesiveness of
the model samples were significantly increased (comparing the
samples with a constant content of P20 or TSC). At the end of the 30
day storage period, a slight increase in the values of cohesiveness

and a decrease in the values of relative adhesiveness occurred
(comparing the same types of model processed cheese samples).

3.3. Results of the optical density measurement of milk systems

Kaliappan and Lucey (2011) reported that the dispersion of
casein is more extensive at lower values of optical density in the
milk system. Fig. 6 illustrates the results of the optical density
measurement of the milk system containing various ternary mix-
tures of DSP, TSPP, P20 and TSC (the results were expressed as
percentage with respect to the control sample without emulsifying
salt addition). The concentration of ternary mixtures of ES added
was set at 0.3% (w/v), approximately corresponding to the ratio of
protein to phosphate in processed cheeses (Guinee et al., 2004;
Nagyova et al., 2014).

Application of individual phosphates resulted in a more intense
casein dispersion with an increasing number of phosphorus atoms
linearly bound in the molecule of a phosphate (P < 0.05; Fig. 6). In
the ternary mixtures of DSP, TSPP, TSC and P20 it was observed that
with an increasing proportion of longer-chain phosphates, the in-
tensity of the casein dispersion rose (P < 0.05). The effect of addi-
tion of TSC and TSPP on the dispersion of casein was similar
(P> 0.05). The individual application of TSC led to an increase of the
casein dispersion compared with samples with individually applied
DSP, but to less extensive casein dispersion than with mixtures
where P20 was used alone. With an increasing proportion of DSP in
the ternary mixtures of ES, the optical density increased (Fig. 6;
P < 0.05) and therefore the casein dispersion intensity decreased.

4. Discussion

Emulsifying salts are characterised as ‘key’ ingredients during
processed cheese production, participating in several important
physicochemical phenomena such as, calcium sequestration, pH
adjustment and stabilisation, casein dispersion, free fat emulsifi-
cation and formation of final structure (Bunka et al., 2013; Kapoor &
Metzger, 2008; Kawasaki, 2008). Based on our results, with
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Fig. 6. The dependence optical density of the model milk systems (optical density expressed relative to that of model milk systems without emulsifying salts addition: control,
100%) on the relative amount (in percentage; percentage of ternary mixtures was calculated on the total weight of emulsifying salts = 100%) of disodium hydrogen phosphate (DSP),
tetrasodium diphosphate (TSPP), sodium salts of polyphosphate (P20) and trisodium citrate (TSC) in a ternary mixture of emulsifying salts: panel A, DSP:TSPP:P20; panel B,
DSP:TSC:P20; panel C, DSP:TSPP:TSC; panel D, TSC:TSPP:P20. The results are expressed as means (n = 8); standard deviations were in range of 0.42—1.59% and are not displayed.
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increasing proportion of long-chain polyphosphate in the ternary
mixture a decreasing trend of the pH of the processed cheese
occurred. Bunka et al. (2013), Chen and Liu (2012), Lu et al. (2008)
and Weiserova et al. (2011) reported analogous results; Bunka et al.
(2013) and Weiserova et al. (2011) used the same phosphates
including sodium salt of polyphosphate.

The sole application of phosphates with longer chains led to
processed cheeses with higher values of hardness. When the
phosphate and citrate ES were applied individually the hardness of
the model processed cheeses rose in the following order:
DSP < TSC = TSPP < P20. Similar results for DSP, TSPP and P20 were
reported by Bunka et al. (2013), Nagyova et al. (2014) and
Weiserovd et al. (2011) and for DSP and TSC by El-Bakry et al. (2011).
The explanation may be that the ion-exchange intensity (of sodium
ions for calcium ions) is affected by the chain-length of phosphates.
Results of the optical density measurements of milk systems con-
taining ternary mixtures of ES showed that (i) the application of a
higher concentration of polyphosphate (in the ternary mixture)
and (ii) the use of phosphates with longer chains can lead to a more
intensive casein dispersion. The dispersing ability of TSC in the
model milk system was comparable with that of TSPP. According to
Cunha, Grimaldi, Alcantara, and Viotto (2013), Dimitreli and
Thomareis (2009) and Shirashoji, Jaeggi, and Lucey (2010), the
dispersion of casein is closely related to the processed cheese ma-
trix formation. An intensive dispersion of casein allows caseins to
develop their emulsifying and hydrating abilities and thus stabilise
the fat and water present in the mixture. Increasing the range of
protein hydration and fat emulsification results in higher intensity
of casein crosslinking (Shirashoji et al., 2010). A harder processed
cheese will occur with a greater number of cross linkages in its
matrix (Bunka et al., 2013; Kaliappan & Lucey, 2011; Mizuno &
Lucey, 2005, 2007; Nagyova et al., 2014; Shirashoji et al., 2010).

The dispersion of casein alone is not sufficient to fully explain
the effect of the specific ratio of DSP to TSPP (approximately
1:1-2:3) on the processed cheese matrix resulting in a rapid in-
crease in the hardness of the processed cheese samples. The impact
of this ratio on processed cheese textural parameters weakened
with the increasing proportion of polyphosphate and citrate (in the
ternary mixtures DSP:TSPP:P20 and DSP:TSPP:TSC). When the
relative concentration of P20 in the ternary mixture approached
>60% or TSC >40% the effect of the above-mentioned ratio on the
hardness of the processed cheese samples became insignificant.

The explanation of the existence of DSP:TSPP specific ratio
(approximately 1:1-2:3) was proposed as the ability of di-
phosphates to enhanced milk protein gel formation, especially
when diphosphates were in an optimal concentration (Bunka et al.,
2013; Mizuno & Lucey, 2007). However, according to Mizuno and
Lucey (2007), weak gels may be formed with an excessive or
insufficient concentration of diphosphates. Kaliappan and Lucey
(2011) reported that a mixture composed of mono- and di-
phosphates strongly promoted gel formation in model milk sys-
tems, which was explained by the ability of monophosphates to
enhance the formation of bridges between diphosphate complexes
with calcium ions and caseins.

The rising relative concentration of polyphosphate in the
ternary mixture of emulsifying salts with DSP and TSPP in a range of
1:1-2:3 resulted in the hardness of processed cheese decreasing.
The increasing amount of polyphosphate in the ternary mixture
could lead to the increase of multiple negative charges of caseins
and thus it could lead to hydrophobic interactions of the dispersed
caseins with lower intensity and resulting in decreased hardness of
the final matrix (Bunka et al, 2013; Mizuno & Lucey, 2007;
Shirashoji et al., 2010).

The development of hardness of samples with the ternary
mixtures containing TSC (excluding binary mixtures containing

TSPP:TSC) could be explained by the ability of the mixture of
emulsifying salts to disperse casein (Bunka et al., 2013; Mizuno &
Lucey, 2007; Shirashoji et al., 2010). When the mixture of emulsi-
fying salts with more intensive ability to disperse casein was used, a
harder processed cheese was observed. This explanation of results
of processed cheese hardness correlates with the impact of the
applied ternary mixtures of ES on the intensity of casein dispersion
in the model milk system in our study and also in previous pub-
lished papers (e.g., Lu et al., 2008; Mizuno & Lucey, 2007; Shirashoji
et al,, 2010).

In the case of TSC and TSPP binary mixtures, a specific ratio was
observed (approximately 1:1) that increased the hardness of the
samples monitored. There is no clear explanation for this with
respect to the interactions among TSC and TSPP and their
involvement in the casein matrix. TSC does not participate in
creating new networks, and therefore the effect of diphosphates on
casein crosslinking would not be influenced by TSC (Kaliappan &
Lucey, 2011; Lu et al,, 2008; Mizuno & Lucey, 2005). A possible
explanation may be that diphosphates are effective on enhancing
casein proteins gel formation when their concentration is at opti-
mum levels relatively to protein content (Mizuno & Lucey, 2007).

A slight increase in hardness of the processed cheese samples
was observed during the 30 day storage period, regardless of the
composition of the ternary mixtures of ES used or pH modification
of the melt during manufacture. Several factors could attribute to
the explanation of the change of the textural parameters, e.g., a
slight decrease in pH values of the model processed cheese samples
(which was also observed in our study), hydrolysis of ES, the dairy
fat polymorphism and the gradual change of it into its crystalline
form (Cunha et al., 2013; Guinee et al., 2004).

5. Conclusions

The impact of the ternary mixtures composition on textural
parameters of processed cheese and on the casein micelle disper-
sion (in the model milk system) was studied. The impact of a
specific ratio of DSP:TSPP and TSC:TSPP on processed cheese
hardness was described. At constant content of P20 <60% or TSC
<40% in the emulsifying salt ternary mixtures a rapid increase in
hardness of the product was observed, especially at a specific ratio
of DSP to TSPP of approximately 1:1 to 2:3. When the content of P20
or DSC was absent in the ternary mixture, the products consisting
of TSC and TSPP in a range of approximately 1:1 were the hardest
(among samples with the binary mixture of TSC and TSPP). The
hardness of all processed cheese samples increased with the
increasing storage period. The obtained results could be used in
dairy industry during designing of emulsifying salts mixtures.
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The effect of different composition of ternary mixtures of emulsifying
salts on the consistency of processed cheese spreads manufactured

from Swiss-type cheese with different degrees of maturity

R. N. Salek, M. Cernikova, S. Madérova, L. Lapéik, and F. Burika'
Department of Food Technology, Faculty of Technology, Tomas Bata University in Zlin, T. G. Masaryka 5555, 760 01, Zlin, Czech Republic

ABSTRACT

The scope of this work was to investigate the de-
pendence of selected textural (texture profile analysis,
TPA) and viscoelastic properties of processed cheese on
the composition of ternary mixtures of emulsifying salts
[disodium hydrogenphosphate, DSP; tetrasodium di-
phosphate, TSPP; sodium salt of polyphosphate (with
mean length n & 20), P20; and trisodium citrate, TSC]
during a 60-d storage period (6 4 2°C). The processed
cheese samples [40% wt/wt dry matter (DM) content,
50% wt/wt fat in DM content] were manufactured us-
ing Swiss-type cheese (as the main raw material) with
4 different maturity degrees (4, 8, 12, and 16 wk of
ripening). Moreover, the pH of the samples was ad-
justed (the target values within the range of 5.60-5.80),
corresponding to the standard pH values of spreadable
processed cheese. With respect to the individual ap-
plication of emulsifying salts (regardless of the maturity
degree of the Swiss-type cheese applied), the samples
prepared with P20 were the hardest, followed by those
prepared with TSPP, TSC, and DSP. Furthermore, a
specific ratio of DSP:TSPP (1:1) led to a significant
increase in the hardness of the samples. On the whole,
the hardness of all processed cheese samples increased
with the prolonging storage period, whereas their hard-
ness significantly dropped with the rising ripening stage
of the raw material utilized. In all of the cases, the
trends of hardness development remained analogous,
and only the absolute values differed significantly.
Moreover, the findings of TPA were in accordance with
those of the rheological analysis. In particular, the spe-
cific ratio of DSP:TSPP (1:1) resulted in the highest gel
strength and interaction factor values, followed by P20,
TSPP, TSC, and DSP (used individually), reporting
the same trend which was demonstrated by TPA. The
monitored values of the gel strength and interaction
factor decreased with the increasing maturity degree of
the Swiss-type cheese used. The intensity of the rigid-
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ity of the samples showed an analogous relationship
to the intensity of the gel strength; the higher the gel
strength of the sample, the more inflexible the product
is expected to be.

Key words: Swiss-type cheese, processed cheese,
sodium salt of phosphates, sodium salt of citrate,
rheology

INTRODUCTION

Processed cheese (PC) is a multicomponent dairy
complex system described as stable oil-in-water emul-
sion (Lee et al., 2003; Chen and Liu, 2012; Hanaei
et al., 2015). The multilaterism of PC derives from
the fact that it contains a wide variety of interacting
components and a high water content (Marchesseau et
al., 1997). Therefore, its matrix is formed by blending
shredded cheese (of different types and maturity de-
grees) in the presence of emulsifying salts (ES; mainly
sodium salts of phosphates, polyphosphates, citrates, or
a combination of these), heated under partial vacuum
and constant stirring, resulting in a homogeneous and
smooth mass with desired properties (Guinee et al.,
2004; Lee et al., 2004; Sadlikova et al., 2010; Chen and
Liu, 2012).

Cheese ripening is the term describing a technological
process during which biochemical and microbiological
changes occur in cheese (raw material for PC manufac-
turing), resulting in the development of a specific flavor
and consistency in the matured product (Pachlova et
al., 2012; Ochi et al., 2013). The degree of casein pro-
teolysis in the cheese applied during PC manufacture
is a parameter that significantly influences its textural
and viscoelastic properties (Piska and Stetina, 2004;
Brickley et al., 2007; Buika et al., 2013).

The consistency of PC can be affected by many fac-
tors, including the type, composition, and chemical
profile of the cheese used (DM, fat, protein, and cal-
cium ion content, and maturity degree), the type and
concentration of ES, the presence and concentration
of ions (especially calcium, sodium, and potassium),
other optional dairy and nondairy ingredients, the pH
of the mass to be melted, the processing and storage
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conditions (processing and storage temperature, stir-
ring speed, time and temperature of the fusion, and
cooling rate) and a possible use of some hydrocolloids
(Shirashoji et al., 2006; Dimitreli and Thomareis, 2007;
Gustaw and Mleko, 2007). Moreover, ES are ingredi-
ents of great importance in PC manufacture. Their
ability to sequester calcium in the cheese matrix leads
to the enhancement of casein emulsifying properties;
the replacement of calcium from the insoluble calcium-
paracaseinate (present in cheese) with sodium results in
the formation of soluble sodium-paracaseinate, which
can easily be dispersed and thus considerably influence
the emulsification of fat (casein coats the surfaces of
the dispersed free fat globules) and water stabilization
within the matrix formed (Kawasaki, 2008; Chen and
Liu, 2012; Bunka et al., 2014).

Furthermore, PC with diverse consistency and alter-
native functional properties may be manufactured as a
result of the use of different types (phosphate, citrate,
or both) and combinations of ES. In practice nowadays,
the individual application of ES is very rare. In fact,
ES are applied in ternary or even more componential
mixtures (Guinee et al., 2004; Kapoor and Metzger,
2008; Salek et al., 2015). Generally, the effect of differ-
ent composition of ternary mixtures of the individual
sodium salts of phosphates (especially disodium hydro-
genphosphate, tetrasodium diphosphate, and sodium
salt of polyphosphate) has been described in the papers
by Weiserova et al. (2011) and Bufika et al. (2012, 2013),
but only for Dutch-type cheese as the raw material for
the PC tested. Swiss-type cheese (STC) is a group
of hard or semi-hard cheeses in texture, with desired
propionic acid fermentation caused by propionic acid
bacteria (especially Propionibacterium freudenreichii
ssp. freudenreichii and Propionibacterium freudenreichii
ssp. shermanii). Therefore, their flavor is characterized
as sweet and nut-like. This is due to free fatty acids,
peptides, AA, carbonyls, or their mutual interactions
(Paulsen et al., 1980; Beuvier et al., 1997; Bouton et
al., 2009). However, in the available literature, no exist-
ing study delineates PC manufacture using STC as the
main raw ingredient. Swiss-type cheese is often used
as part of the raw material for PC manufacture. On
the other hand, the individual usage of STC in PC
production has not been described. The influence of
different maturity degrees of STC associated with dif-
ferent combinations of ES ternary mixtures affecting
PC consistency has not been found in the literature.

The first aim of this study was to explore the de-
pendence of selected textural properties (especially
hardness, cohesiveness, and relative adhesiveness) and
viscoelastic properties of PC on the composition of
ternary mixtures of ES containing disodium hydrogen-
phosphate (Na,HPO,, DSP), tetrasodium diphosphate
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(Na,P,0;, TSPP), sodium salt of polyphosphate with
mean length n ~ 20 (P20), and trisodium citrate
(CyH;Naz0;, TSC) during a 60-d storage period. The
above-mentioned dependence was observed in samples
with adjusted pH values (target values within the inter-
val of 5.60-5.80) corresponding to the standard pH val-
ues of PC spreads. The second aim was to investigate
the effect of different maturity degrees of the STC (ba-
sic raw material) on the above-mentioned dependence.

MATERIALS AND METHODS
Manufacture of PC Samples

For the manufacture of the model PC samples with
40% (wt/wt) DM content and 50% (wt/wt) fat in DM,
the following materials were used: STC block (60%
wt/wt DM content, 30% wt/wt fat DM content; 4, 8,
12, and 16 wk of ripening; the same raw materials of
STC were used in the whole experiment; Moravial.-
acto, a.s., Jihlava, Czech Republic), butter (84% wt/
wt DM content, 82% wt/wt fat content; Sachsenmilch
Leppersdorf, GmbH, Wachau, Germany), water and
ternary mixtures of DSP, TSPP, P20 (Fosfa PLC Com-
pany, Bieclav, Postorna, Czech Republic), and TSC
(SigmaAldrich Inc., St. Louis, MO). Moreover, the ES
were applied into 4 types of ternary mixtures compris-
ing DSP:TSC:P20, DSP:TSPP:TSC, TSC:TSPP:P20,
and DSP:TSPP:P20. The total concentration of the
ternary mixtures mentioned above was 3% (wt/wt) of
the total weight of the melt. Each type of the ternary
mixture was tested in 12 reciprocal percentage ratios
(100:0:0; 50:50:0; 0:100:0; 40:40:20; 40:20:40; 20:40:40;
50:0:50; 0:50:50; 40:0:60; 20:20:60; 0:40:60; 0:0:100); the
percentage of the components was estimated on the
basis of the total weight of ES (total weight = 100%).
Each combination of the ES formulation was made in
duplicate resulting in 96 lots in total (4 types of ternary
mixtures x 12 reciprocal percentage ratios x 2 repeti-
tions). The scheme of the experiment design is shown
in Figure 1. A Vorwerk Thermomix TM 31-1 blender
cooker (Vorwerk & Co. Thermomix, GmbH, Wuppertal,
Germany) with indirect heating was employed for the
manufacture of the PC samples. The same apparatus
was also used for a contiguous scope in the work by
Lee et al. (2004, 2013) and Bufka et al. (2013). The
manufacturing procedure was described in detail in the
work by Buiika et al. (2013) and Salek et al. (2015).
Briefly, a target temperature of 90°C was held for 1
min (the total melting time was 10-12 min) at approxi-
mately 2,750 x g. Therefore, the pH of the samples was
adjusted (target values within the interval of 5.60-5.80)
using acid or alkali (1 mol/L of HCl or NaOH). Accord-
ing to a pilot study (unpublished data) the calculated
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amount of acid/alkali was added when the temperature
approached 85 to 86°C, 30 to 50 s before reaching the
melting point (Buika et al., 2013; Salek et al., 2015).
The hot melt was poured into polypropylene doses
of cylindrical shape (52 mm in diameter and 50 mm
high). Consequently, to maintain the values of DM and
fat in DM without changes, the addition of water was
reduced (by the calculated amount of acid/alkali). The
PC samples were cooled and stored at 6 + 2°C until the
analyses were performed. The analyses were performed
ond 2,9, 30, and 60 of storage, with the exception of
oscillation rheology, which was performed on d 30 (a
typical period of PC storing). Each PC (manufactured
from STC of certain maturity) was produced twice.

Basic Chemical Analysis of PC Samples

The DM content of the PC samples was gravimetri-
cally determined according to ISO (2004). Moreover,

Swiss-type cheese
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the pH values were measured at ambient temperature
using a glass tip electrode of a pH meter (pHSpear,
Eutech Instruments, Oakton, Malaysia) by direct inser-
tion of the spear into the PC samples at 3 randomly
selected spots (in each pot).

Free Amino Acid Content of STC (Raw Material)

Before the analysis of free amino acid (FAA) con-
tent, the samples of the individual STC with different
degrees of maturity (4, 8, 12 and 16 wk of ripening)
were submitted to lyophilisation using the Christ Alpha
1-4 (Christ, Osterode, Germany) equipment and then
stored at —80°C. All measurements were performed us-
ing the AAA 400 Amino Acid Analyzer (Ingos, Prague,
Czech Republic) — ion-exchange chromatography appa-
ratus according to the protocol described by Bunkova
et al. (2009) and Pachlova et al. (2011). The FAA con-
tent was calculated as a sum of 22 individual FAA and

(raw material)

4-week 8-week

ripening ripening

12-week 16-week

ripening ripening

12 ratios of mixture
DSP:TSPP:P20

12 ratios of mixture
DSP:TSPP:P20

12 ratios of mixture
DSP:TSPP:P20

12 ratios of mixture
DSP:TSPP:P20

2,9, 30 and 60 days of
storage

2,9, 30 and 60 days of
storage

2,9, 30 and 60 days of
storage

|

2,9, 30 and 60 days of
storage

12 ratios of mixture
DSP:TSPP:TSC

12 ratios of mixture
DSP:TSPP:TSC
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DSP:TSPP:TSC
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DSP:TSPP:TSC

2,9, 30 and 60 days of
storage
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storage
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TSC:TSPP:P20

12 ratios of mixture

| TSC:TSPP:P20

2,9, 30 and 60 days of 2,9, 30 and 60 days of 2,9, 30 and 60 days of 2,9, 30 and 60 days of
storage storage storage storage
Figure 1. Scheme of the experimental design with model processed cheeses manufactured using Swiss-type cheese (in various time of rip-

ening) and the different percentage ratios (100:0:0, 50:50:0, 0:100:0, 40:40:20, 40:20:40, 20:40:40, 50:0:50, 0:50:50, 40:0:60, 20:20:60, 0:40:60,
0:0:100) of the 4 types of ternary mixtures consisting of DSP:TSPP:P20, DSP:TSPP:TSC, DSP:TSC:P20, and TSC:TSPP:P20 (DSP, disodium
hydrogenphosphate; TSPP, tetrasodium diphosphate; P20, sodium salt of polyphosphate with mean length n ~ 20; and TSC, trisodium citrate).
The model samples were tested after 2, 9, 30, and 60 d of storage.
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the content of similar substances (y-aminobutyric acid,
alanine, aspartic acid, asparagine, arginine, citrulline,
cysteine, glutamic acid, glutamine, glycine, histidine,
isoleucine, leucine, tyrosine, lysine, methionine, orni-
thine, phenylalanine, proline, serine, threonine, valine).
Each cheese (raw material) was lyophilisated twice,
each lyophilisate was extracted twice and each extract
was loaded on the column in triplicate (n = 12).

Texture Profile Analysis

The TPA method was performed for the evaluation
of selected textural properties of the PC samples (hard-
ness, cohesiveness, and relative adhesiveness) using a
TA.XTplus texture analyzer (Stable Micro Systems
Ltd., Godaming, UK). The tests were carried out at 6
+ 2°C (the sample measurement was performed imme-
diately after removing them from a refrigerator where
they were stored) after 2, 9, 30, and 60 d of storage
according to the methodology described by Piska and
Stétina (2004), Weiserova et al. (2011), and Solowiej
et al. (2014). During the measurements, 2 successive
penetration events were implemented on the samples to
ensure 25% deformation by a 20-mm cylindrical probe
P20; the rate of the penetration was 2 mm-s ' and the
trigger force was 5 g. The results obtained were recorded
as force-displacement/time curves describing the force
(N) needed to deform the sample proportionally with
time. On each day of the analysis, each variant of the
ternary mixtures was measured in triplicate (n = 6).

Rheological Analysis

The rheological analysis of the PC samples on d 30
of storage (6 £+ 2°C) was performed using a dynamic
oscillatory shear rheometer (RheoStress 1, HAAKE,
Bremen, Germany). Additionally, to describe the
changes in the viscoelastic properties of the solidified
melt mass, a plate-plate geometry (35 mm in diameter)
was selected in dependence with frequency (w; ranging
from 0.01 to 100.00 Hz) at 20 £ 0.1°C. The selected
monitored parameters, including elastic or storage (G')
and viscous or loss (G”) moduli (determined as a func-
tion of frequency), were used for complex modulus (G*)
calculation according to equation [1]:

(@) +(a"). (1

Winter’s critical gel theory was implemented to evalu-
ate the changes in the viscoelastic properties of the PC
samples. According to the following equation (2], the
complex modulus can be expressed as follows (Winter
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and Chambon, 1986; Gabriele et al., 2001; Mackl et
al., 2009):

G (W) = Ap - w'?, (2]

where Ap is the strength of the gel (Pa-sl/z) and z is the
interaction factor (defined as the number of structural
units interacting with one another in a 3-dimensional
network; unitless). The higher the interaction factor is,
the more interactions occur in the matrix of the sample
(Gabriele et al., 2001; Martinez-Ruvalcaba et al., 2007;
Mack et al., 2009). The reported values were the mean
of at least 4 replicates (n = 8).

Statistical Analysis

Nonparametrical analyses of variance of Kruskal-
Wallis and Wilcoxon tests were used to evaluate the
results obtained (Unistat 6.5 software, Unistat, Lon-
don, UK; the significance level was 0.05). One-way tests
were used, and therefore (1) the differences between the
samples with a different ratio of ES (samples manufac-
tured using raw material at a constant level of ripening
at a constant time of storage) in the ternary mixture;
(2) the differences between the samples with various
times of STC ripening (samples with a constant ratio
of ES in each ternary mixture type at a constant time
of storage); and (3) the differences between the samples
with various times of storage (samples with a constant
ratio of ES in each ternary mixture type manufactured
using raw material with a constant level of ripening)
were evaluated independently. For the estimation of
the gel strength and the interaction factor, nonlinear
regression analysis (nonlinear least squares regression)
was used for the following conditions: A > 0 and z
> 0. The Marquardt-Levenburg method was applied
(Unistat 6.5 software was also applied).

RESULTS

Basic Chemical Analysis of PC Samples and FAA
Content of STC (Raw Material)

The DM levels of all samples were within the interval
of 40.16 to 41.12%, depicting the stability of the DM
content of the samples. Furthermore, another signifi-
cant factor affecting the viscoelastic properties of PC is
pH. The pH value adjustment resulted in PC samples
with pH values ranging from 5.61 to 5.78, which can
be characterized as acceptable for spreadable PC. The
proteolytic changes occurring during cheese ripening
were examined by the development of FAA content.
The FAA concentrations of the STC (raw material)
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after 4, 8, 12, and 16 wk of ripening were 17.49, 28.27,
38.48, and 44.75 g-kg ', respectively.

Texture Profile Analysis

The results of PC hardness are presented in Figures
1-4. With respect to the individual ES application and
regardless of the maturity degree of the treated STC,
the samples prepared with P20 were the hardest (P
< 0.05). Moreover, the samples manufactured with
TSC were harder than those manufactured with DSP
and similarly hard to those manufactured with TSPP.
The development of PC hardness, depending on the
composition of ES ternary mixtures (composed of DSP,
TSPP, and P20) and on the ripening stage (4, 8, 12,
and 16 wk of maturity) of the STC applied after 2, 9,
30, and 60 d of storage at 6 + 2°C is interpreted in Fig-
ure 2. Furthermore, a specific ratio of DSP:TSPP (1:1)
was distinguished, leading to a considerable increase
in hardness of the samples (P < 0.05). Nonetheless,
with the increasing proportion of P20 in the ternary
mixture, the effect of the above-mentioned ratio signifi-
cantly decreased (P < 0.05). However, when P20 was
present in the ES ternary mixture at levels >50%, the
influence of the above-mentioned ratio on the hardness
of the samples became insignificant (P > 0.05). Figure
3 illustrates the hardness values of the PC samples of
the ternary mixture of DSP, TSPP, and TSC depending
on the maturity degree of the raw material and on the
storage period of the samples obtained (2, 9, 30, and
60 d at 6 + 2°C). Additionally, the same phenomenon
as in the previous case (Figure 2) was noticed due to
the subsistence of the specific ratio of DSP:TSPP (1:1).
Furthermore, firmer PC samples were obtained with
TSPP and TSC at a ratio of 1:1 (Figure 3) when the
proportion of DSP in the ternary mixtures of ES was at
zero concentrations (P < 0.05). In addition, any devia-
tion from the previously mentioned ratio (TSPP:TSC,
1:1) led to a significant decrease in hardness (P < 0.05).
The hardness of the PC samples decreased with the
increasing proportion of DSP in the ternary mixtures
(P < 0.05).

Figure 4 shows the values of hardness in the PC
samples of the ternary mixture consisting of DSP, TSC,
and P20 depending up the maturity degree of the raw
material and the storage period of the product samples.
The rising proportion of TSC and P20 (with a reduction
in DSP) resulted in the increasing hardness of the PC
samples. Moreover, comparing the effect of TSC and
P20, the effect of P20 in the ternary mixture evoked a
greater increase in the hardness of the samples. In the
case of the ternary mixtures of ES composed of TSC,
TSPP, and P20 (Figure 5), the harder samples were
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detected when TSC and TSPP were applied at a ratio
of 1:1 and in the absence of P20 in the ternary mixture
(P < 0.05). Nevertheless, when the proportion of P20
was gradually increased in the mixture, the hardness of
the PC samples presented a slightly rising trend.

The main results obtained can be summarized as fol-
lows: the hardness of all PC samples increased with
the prolonging storage period, regardless of the ternary
mixture applied and the maturity degree of the STC.
By the same token, it can be depicted that the hardness
of all samples decreased with the increasing ripening
stage of the STC used, regardless of the ES ternary
mixture applied. Likewise, in all cases, the trends of
hardness of the PC samples remained analogous; only
the absolute values of firmness differed significantly (P
< 0.05). The more unripe the STC applied, the harder
the samples were observed.

The development of cohesiveness and relative adhe-
siveness was insignificant in terms of the application of
the ternary mixtures of ES (P > 0.05). Nevertheless,
the adhesiveness values increased depending on the ma-
turity degree of the cheese (raw material), whereas the
values of cohesiveness decreased. The values of relative
adhesiveness of the samples prepared using STC with
4, 8, 12, and 16 wk of ripening were 0.11 to 0.17, 0.22
to 0.24, 0.25 to 0.27, and 0.28 to 0.29, respectively (the
values are shown as the interval of d 2 to 60 of the
analysis; N). Moreover, the values of cohesiveness of the
samples prepared using STC with 4, 8, 12, and 16 wk
of ripening were 0.50 to 0.54, 0.46 to 0.47, 0.44 to 0.47,
and 0.33 to 0.35, respectively (the values are shown as
the interval of d 2 to 60 of the analysis).

Rheological Analysis

Figure 6 illustrates the dependence of the complex
modulus (G*) on frequency (in range of 0.01-100.00
Hz) for selected PC samples (after 30 d of storage at 6
+ 2°C) manufactured by applying STC as raw material
with different maturity degrees (4, 8, 12, and 16 wk
of maturity). Moreover, for these measurements DSP,
TSPP, TSC, P20, and DSP:TSPP (in a ratio of 1:1)
were used individually as ES. According to Figure 6,
in all of the cases the complex modulus (G*) increased
in the whole frequency range tested. Correspondingly,
these results indicate that each ES (phosphate, citrate,
or their combination) has a unique effect on the rheo-
logical properties of PC. The above-mentioned results
were also evaluated by the data obtained from Winter’s
critical gel theory, where the gel strength (Ap) and the
interaction factor (z) were estimated from the complex
modulus (G*) according to the equation 2 and are illus-
trated in Tables 1 and 2. The findings are in harmony
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with the results of TPA mentioned above. Above all, DISCUSSION
the specific ratio of DSP:TSPP (1:1) was also identified,
resulting in the highest gel strength and interaction The key factors influencing the PC properties are

factor values, followed by P20, TSPP, TSC, and DSP, mainly ES (type and amount), the type and maturity
respectively, reporting the same trend that was demon-  degree of the cheese used (as raw material), and the
strated by TPA. Similarly, the ratio of TSPP:TSC (1:1) processing and storage conditions. The DM content
was recognized leading to a significant rise in the data and pH values of the PC samples tested were in narrow
obtained from Winter’s critical gel theory. Last but not intervals, which is crucial for maintaining the compa-
least, the values of the gel strength and the interaction rability of the PC studied (Marchesseau et al., 1997;
factor decreased with the increasing maturity degree of Lee and Klostermeyer, 2001; Lee et al., 2004; Piska and
the STC used. Therefore, it could be assumed that the —Stétina, 2004). In addition, because the cheese maturity
higher the gel strength of the sample, the more rigid degree is a term closely related to the extent of prote-
product can be expected (P < 0.05). olysis in cheese during ripening, it plays an important
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Figure 2. The dependence of processed cheese hardness (calculated as maximum force during the first penetration cycle; N) on the rela-
tive amount (in percentage; percentage of ternary mixtures was calculated on the total weight of emulsifying salts = 100%; axis x) of disodium
phosphate (DSP), tetrasodium diphosphate (TSPP), and sodium salt of polyphosphate (P20) in a ternary mixture of emulsifying salts during
60 d of storage at 6°C [n = 6; the results were expressed as means (columns) + standard deviations (bars); processed cheeses were sampled after
2,9, 30, and 60 d of storage]. Processed cheeses were made from Swiss-type cheese after different times of ripening (part A, 4 wk; part B, 8 wk;
part C, 12 wk; part D, 16 wk).
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role in determining its textural and sensory properties.
Thus, the concentrations of FAA (in the raw material)
showed a clear tendency to increase with the ripening
period as expected, because during proteolysis these
compounds were released by the proteolytic agents,
mainly by microbial enzymes, through the biochemi-
cal reactions evolving during cheese ripening (Hayalo-
glu et al., 2004; Ji et al., 2004; Poveda et al., 2004).
These results agree with those of Vicente et al. (2001),
Bustamante et al. (2003), and Pachlovd et al. (2011),
who reported a significant response between the FAA
content and the ripening time. Based on our results,
regardless of the maturity degree of the STC applied

SALEK ETAL.

and the storage period of the samples obtained, the sole
application of phosphate ES with longer length chains
resulted in increasing hardness of the samples. How-
ever, the individual application of TSC led to similar
results in hardness as that of TSPP. On the whole, it
can be generalized that the sole application of ES re-
sulted in rising hardness of the samples in the following
order: DSP < TSC ~ TSPP < P20. The same trend
was reported by El-Bakry et al. (2011), Weiserova et
al. (2011), and Nagyova et al. (2014). This could be
explained by the fact that phosphates of longer chain
length affect the ion-exchange intensity (of sodium
ions for calcium ions). Moreover, this intensity (of ion-
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exchange) is increasing with the dispersion of casein
intensity, resulting from the ES addition (Mizuno and
Lucey, 2007; Dimitreli and Thomareis, 2009; Bunka et
al., 2013). According to the previous studies, the PC
matrix formation is in close dependence with casein dis-
persion in the system tested (Dimitreli and Thomareis,
2009; Cunha et al., 2013). Therefore, a higher degree
of casein dispersion enhances casein developing their
hydrating and emulsifying abilities; the latter abili-
ties increase the intensity of interactions in the melt
(El-Bakry et al., 2011; Kaliappan and Lucey, 2011). In
general, it can be assumed that PC with higher values
of hardness was obtained when the ternary mixture of

3281

ES applied was composed of salts with more intensive
ability to disperse casein. The samples prepared with
the addition of binary mixture of DSP:TSPP (in a ratio
of 1:1) resulted in products with the highest values of
hardness (regardless of the maturity degree of the STC
tested). A possible explanation of this phenomenon,
reported by Mizuno and Lucey (2007) and Buiika et al.
(2013), could be the ability of diphosphates to enhance
the gel formation ability of casein. However, insufficient
concentrations of disphosphates may lead to the forma-
tion of very weak gels (Mizuno and Lucey, 2007). More-
over, another possible explanation of the significance of
DSP:TSPP specific ratio (1:1) was reported by Kaliap-
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pan and Lucey (2011). It is based on the ability of
monophosphates to amplify the development of bridges
among diphosphates, calcium ions, and casein. The ob-
served decrease in PC hardness in the ternary mixture
of DSP, TSPP, and P20 when the proportion of P20 was
increased could be caused by the ability of polyphos-
phates to charge casein with multiple negative ions,
which leads to lower-intensity hydrophobic interactions
between the dispersed casein (Mizuno and Lucey, 2007;
Buika et al., 2013; Salek et al., 2015). Furthermore, the
specific ratio of TSPP:TSC (1:1) resulted in increasing
hardness of the samples (Figures 2 and 4). According to
the available literature, a clear answer has still not been

SALEK ETAL.

found elucidating this phenomenon with respect to the
interactions occurring between TSPP and TSC and
their influence on the development of casein matrix.
In addition, an analogous phenomenon was reported
in the work of Salek et al. (2015). However, TSC does
not appear to have the ability to create new networks
and thus the influence of TSPP on casein crosslinking
would not be affected by the presence of TSC (Lu et
al., 2007; Mizuno and Lucey, 2007; Kaliappan and Lu-
cey, 2011). The PC samples were produced using STC
with 4 different maturity degrees (4, 8, 12, and 16 wk
of ripening). The hardness of the samples obtained de-
creased with the increasing maturity degree of the STC
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part C, 12 wk; part D, 16 wk).

Journal of Dairy Science Vol. 99 No. 5, 2016

x) of trisodium
ng salts during 60
S wes ampled after
; part B, 8 wk;

112



used, regardless of the ternary

Moreover, in all of the cases (different types of ternary
mixtures of ES), the trends of hardness development

DIFFERENT EMULSIFYING SALTS IN PROCESSED CHEESE

mixture of ES applied.

3283

were similar and only the absolute values were differ-
ent. Additionally, a more extensive course of proteolysis
occurs with an increasing ripening period. Therefore,
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Figure 6. The dependence of complex modulus (G*) of processed cheese (after 30 d of storage) made from Sw
time of ripening (M4 wk; vV 8 wk; ® 12 wk; A 16 wk) on frequency (f; in range of 0.01-100.00 Hz). Processed che

disodium phosphate (DSP; part A), tet

vpe cheese after different
were manufactured using

asodium diphosphate (TSPP; part B), trisodium citrate (TSC; part C), sodium salt of polyphosphate
(P20; part D), or binary mixture of DSP and TSPP in ratio of 1:1 (part E).
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the casein chains of shorter average length affect the 2014)]. On the contrary, the hardness of all PC samples
properties of the final product [i.e., a final product increased significantly with an increasing storage pe-
with less compact casein matrix may be formed (Piska riod (regardless of the ES ternary mixture applied and
and Stétina, 2004; Brickley et al., 2007; Hladkd et al., the maturity degree of STC). This current tendency of

Table 1. Values of gel streng_}th (Ay; kPa-s'?) of processed cheese (after 30-d storage) made from Swiss-type cheese after different times of
ripening (4, 8, 12, and 16 wk)

Time of ripening of raw material for processed cheese production

Type of ternary Ratio of salts
mixture (%) 4 wk 8 wk 12 wk 16 wk
DSP:TSPP:P20 100:0:0 8.2 £ 0.6™* 6.6 + 0.2*° 5.6 + 0.4*C 3.5 +0.2*°
50:50:0 41.1 + 2.8 32.5 + 1.9'% 30.6 + 1.4'° 21.6 + 1.2"¢
0:100:0 11.5 £ 0.7°4 9.2 + 0.5"8 7.8 + 0.3"¢ 5.6 + 0.3"?
27.9 & 0.9"* 23.1 &+ 1.1"8 18.1 4+ 0.9"¢ 16.5 + 1.28°
19.6 + 0.8 17.1 +£ 1.2%8 15.2 + 0.6"C 14.1 + 0.6%¢
21.5 + 1.084 18.7 + 0.25° 16.9 + 0.7 14.9 + 0.8
13.9 £ 0.6 114 + 0.5°8 9.2 + 0.5°¢ 7.5 + 0.3°°
15.0 £ 0.7 12.9 + 04" 9.9 + 0.5“¢ 8.4 + 0.4
13.9 + 0.6 12.0 + 0.8°® 9.5 4 0.5°C 7.9 £ 0.5%P
17.3 + 1.0%4 14.0 + 0.6" 13.0 + 0.6°¢ 9.1 £ 0.6°°
15.8 + 1.0%* 13.0 £ 0.7° 10.1 £ 0.3%¢ 8.0 + 0.3
17.0 £ 1.1%4 14.0 £ 0.5°% 13.1 £ 0.7°¢ 9.4 + 0.5°0
DSP:TSPP:TSC 8.2 + 0.6 6.6 + 02““ 5.6 + 0.4 3.5 £ 0.2*°
32.5 + 1.98% 30.6 + 1.4"° 21.6 + 1.2°¢
9.2 + 0.5%8 7.8 £ 0.3°C 5.6 & 0.3°0
40:40:20 18.5 + 0.9"° 15.9 + 0.6°¢ 14.5 + 0.8*°
40 20: 40 11.0 + 0.5°% 9.1 + 0.5 7.4 + 04
11.6 + 0.5° 9.3 + 0.4%€ 8.6 + 0.5
9.0 + 0.5" 7.5 + 04" 6.5 + 0.3"C 45+ 0.2"°
13.1 + 0.8°4 1.7 + 0.7°8 9.4 & 0.4°C 8.3 & 0.4°°
9.2 + 0.5"* 7.7 £ 048 7.0 £ 0.3™C 42 +0.1°P
9.6 + 0.6"* 8.0 + 0.3"" 7.4+ 0.2°C 4.5 +0.3"°
0:40:60 10.2 £ 0.6 8.2 + 0.5°° 7.4 + 0.5°C 4.6 +0.3"°
0:0:100 10.9 £ 0.5 8.5 + 0.5°° 7.6 + 0.4°C 4.8 +£0.3"°
DSP:TSC:P20 100:0:0 8.2 + 0.6™* 6.6 + 0.2"" 5.6 + 0.4~ 3.5 + 0.2*°
50:50:0 9.0 + 0.5"* 7.5 £ 0.4 6.5 & 0.3"C 4.5 +0.2°P
0:100:0 10.9 £ 0.5 8.5 + 0.5°° 7.6 + 0.4°C 4.8 +0.3"°
40:40:20 11.8 + 0.6 9.7 +0.3'8 8.0 + 0.4 5.6 + 0.4°7
40:20:40 12.3 + 0.5% 104 + 05" 8.4 + 04%C 6.5 + 0.3
:40: 12.4 + 0.7%* 11.2 + 0.6°® 8.8 4 0.4 6.6 + 0.3
13.9 + 0.6°* 114 + 0.5°8 9.2 4 0.5*¢ 7.5 £ 0.3°P
14.4 £ 0.7 12,5 + 0.8"8 104 + 0.4°¢ 8.5 + 0.5
13.9 + 0.6* 12.0 £ 0.8 9.5 + 0.5%C 7.9 + 0.5°P
20:20:60 14.2 £ 0.5 12.6 & 0.5"° 9.9 + 0.8¢ 8.4 + 0.57°
0:40:60 14.4 + 0.7°4 12.7 £ 0. 6”‘ 10.0 + 0.4°¢ 8.4 + 0.4
0:0:100 17.0 + 1.1% 13.1 + 0.7%¢ 9.4 + 0.5
TSC:TSPP:P20 100:0:0 10.9 + 0.5 7.6 £ 0.4~ 48 +0.3*°
50:50:0 13.1 + 0.8°4 9.4 + 04" 8.3 + 0.4
0:100:0 115 + 0.7 7.8 + 0.3*C 5.6 + 0.3""
40:40:20 10.9 + 0.6~ 7.9 £ 0.4*C 5.3 + 0.2"P
40:20:40 11.9 + 0.5 9.2 4 0.5"¢ 6.6 + 0.4°
20:40:40 12.7 + 0.5 11.6 + 0.6"° 9.6 + 0.4"°¢ 7.0 £ 0.4°
14.4 + 0.7 12.5 £ 0.8°8 10.4 + 0.4°¢ 8.5 + 0.5
: 15.0 + 0.7 12.9 + 0.4 9.9 + 0.5"¢ 8.4 + 0.4
40:0:60 15.8 £ 0.8°* 13.0 + 0.7°8 10.0 + 0.4™C 8.3 + 0.4
20:20:60 15.4 + 0.7%4 12.8 + 0.8°8 10.2 + 0.5™C 8.3 + 0.5
0:40:60 15.8 + 1.0%4 13.0 + 0.7°F 10.1 + 0.3™€ 8.0 + 0.3
0:0:100 17.0 £ 1.1% 14.0 £ 0.5 13.1 £ 0.7%€ 9.4 + 0.5°0

“'The means within a column (the difference between samples with different ratio of emulsifying salts in the ternary mixture) followed by differ-
ent superscript letters differ (P < 0.05); samples with each type of the ternary mixture (DSP:TSPP:P20, DSP:TSPP:TSC, DSP:TSC:P20, and
TSC:TSPP:P20) were evaluated independently.

ADThe means within a row (the difference between samples with various times of Swiss-type cheese ripening) followed by different uppercase
letters differ (P < 0.05); samples with each ratio of emulsifying salts in each ternary mixture were evalnated independently.

'Different ternary mixtures of emulsifying salts [disodium phosphate (DSP), tetrasodium diphosphate (TSPP), sodium salt of polyphosphate
(P20), and trisodium citrate (TSC)] were used for manufacture of model samples. Amount of individual emulsifying salts in ternary mixture were
expressed in percentage (percentage of ternary mixtures was calculated on the total weight of emulsifying salts = 100%).
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Table 2. Values of illlteractiou factor (z) of processed cheese (after 30-d storage) made from Swiss-type cheese after different times of ripening
(4, 8,12, and 16 wk)

Time of ripening of raw material for processed cheese production

Type of ternary Ratio of salts
mixture (%) 4 wk 8 wk 12 wk 16 wk
DSP:TSPP:P20 100:0:0 3.44 + 0.11"° 3.12 + 0.10*¢ 2.95 + 0.13"°
50:50:0 s 5.15 & 0.17%P 4.91 + 0.21°¢ 4.70 + 0.14%€
0:100:0 0.1 3.80 + 0.11™* 3.70 £ 0.15"2 3.38 + 0.14"¢
40:40:20 .80 + 0.14" 4.59 + 0.14"8 4.36 + 0.15%C 4.26 + 0.22°¢
40:20:40 4.18 + 0.13% 4.01 + 0.18°" 3.89 + 0.15"C 3.75 + 0.18°°
20:40:40 4.50 + 0.18"* 4.26 + 0.19"° 4.09 + 0.14°¢ 3.88 + 0.11°"
50:0:50 412 + 0.13%4 3.92 & 0.12"P 3.80 £ 0.17"¢ 3.65 + 0.12°°
0:50:50 4.50 + 0.12%A 4.33 & 0.15°" 4.12 + 0.19°C 3.92 + 0.25°
40:0:60 4.18 + 0.15°* 4.11 & 0.15%B 3.92 + 0.19°¢ 3.75 + 0.07°P
20:20:60 4.40 + 0.20™ 4.17 £ 0.14%8 4.00 + 0.20°¢ 3.84 + 0.20°C
0:40:60 4.35 + 0.16™ 4.21 + 0.17%8 4.03 + 0.14°¢ 3.95 + 0.16"C
0:0:100 4.63 £ 0.15°* 4.37 + 0.22°8 4.22 + 0.21%¢ 4.04 + 0.16°¢
DSP:TSPP:TSC 100:0:0 3.60 + 0.18™* 3.44 % 0.11%8 3.12 £ 0.10*€ 2.95 + 0.13"
50:50:0 5.35 + 0.19"* 5.15 & 0.17°" 4.91 + 0.21°¢ 4.70 + 0.14%¢
0:100:0 3.81 + 017" 3.80 + 0.11"* 3.70 + 0.15"° 3.38 + 0.14"C
40:40:20 4.46 + 0.12° 4.29 + 0.14%° 4.17 + 0.18%C 4.05 + 0.15°
40:20:40 4.16 + 0.24°* 4.07 &+ 0.15%* 3.98 + 0.19°" 3.96 4 0.12°°%
20:40:40 4.30 + 0.25 4.27 + 0.23% 4.12 + 0.16"" 4.07 + 0.19°®
4.20 £ 0.21°% 4.11 + 0.16°* 3.98 + 0.18°® 3.92 + 0.20°°
4.21 + 0.20°* 4.13 + 0.15°% 4.00 + 0.10°¢ 3.91 + 0.16"C
3.88 + 0.16"" 3.77 £ 0.13"° 3.69 + 0.14"° 3.48 + 0.15°¢
3.88 + 0.20"* 3.76 + 0.08"" 3.68 + 0.19"C 3.53 + 0.17°P
3.94 + 0.24™* 3.76 + 0.09"" 3.67 + 0.16"C 3.51 + 0.16°°
3.80 + 0.15"* 3.76 + 0.15"* 3.61 + 0.14"" 3.51 + 0.18°%
DSP:TSC:P20 3.60 + 0.18™* 3.44 + 0.11*° 3.12 + 0.10*¢ 2.95 + 0.13"
4.20 + 0.21° 4.11 + 0.16™ 3.98 + 0.18"" 3.92 + 0.20%°
3.80 + 0.15"* 3.76 £ 0.15>* 3.61 + 0.14"° 3.51 + 0.18"°
40:40:20 3.89 + 0.14™* 3.77 + 0.18"° 3.77 £+ 0.19°® 3.59 4 0.13"¢
40:20:40 3.89 + 0.19"" 3.82 + 0.12%* 3.65 & 0.10"" 3.61 & 0.21""
20:40:40 3.86 + 0.15"* 3.81 + 0.13"* 3.67 + 0.16"" 3.61 + 0.14""
50:0:50 412 + 0.13° 3.92 + 0.12°® 3.80 + 0.17°¢ 3.65 + 0.12°
0:50:50 4.19 + 0.21° 4.10 + 0.14"° 3.93 + 0.17%¢ 3.70 + 0.21°7
40:0:60 4.18 + 0.15%* 4.11 + 0.15" 3.92 + 0.19°¢ 3.75 + 0.07°
20:20:60 4.43 + 0.22%4 4.16 + 0.09°" 4.05 + 0.08" 3.92 + 0.12%P
0:40:60 4.40 + 0.15%* 4.21 + 0.15" 4.05 + 0.20"€ 3.91 + 0.18%"
0:0:100 4.63 + 0.15° 4.37 + 0.22°° 4.22 +0.21°¢ 4.04 + 0.16°"
TSC:TSPP:P20 100:0:0 3.80 + 0.15™* 3.76 + 0.15™* 3.61 + 0.14*" 3.51 + 0.18"°
50:50:0 4.21 + 0.20°* 4.13 + 0.15"" 4.00 + 0.10"¢ 3.91 + 0.16*¢
0:100:0 3.81 & 0.17"* 3.80 & 0.11* 3.70 + 0.15™" 3.38 + 0.14*°
40:40:20 3.80 + 0.07"* 3.70 £ 0.11™ 3.56 + 0.24"% 3.52 + 0.12"°
40:20:40 3.93 + 0.12"* 3.82 + 0.13™* 3.58 + 0.16™" 3.49 + 0.21"°
20:40:40 3.96 + 0.12"* 3.78 + 0.16™" 3.58 + 0.12*¢ 3.47 + 0.15"C
4.19 + 0.21%4 4.10 + 0.14"° 3.93 + 0.17"C 3.70 + 0.21°°
4.50 & 0.12°4 4.33 + 0.15°B 4.12 + 0.19°¢ 3.92 + 0.25°°
4.33 + 0.16M 4.26 4 0.16"" 4.02 £ 0.19"¢ 3.91 + 0.117
20:20:60 4.28 + 0.14%* 4.24 + 0.25"* 3.99 + 017" 3.89 + 0.13%°
0:40:60 4.35 + 0.16™* 4.21 £ 0178 4.03 + 0.14"¢ 3.95 + 0.16"C
0:0:100 4.63 + 0.15 4.37 4 0.22°F 4.22 + 0.21%C 4.04 + 0.16°P

“*The means within a column (the difference between samples with different ratio of emulsifying salts in the ternary mixture) followed by dif-
ferent lowercase letters differ (P < 0.05): samples with each type of the ternary mixture (DSP:TSPP:P20; DSP:TSPP:TSC; DSP:TSC:P20;
TSC:TSPP:P20 were evaluated independently.

APThe means within a line (the difference between samples with various times of Swiss-type cheese ripening) followed by different uppercase
letters differ (P < 0.05); samples with each ratio of emulsifying salts in each ternary mixture were evaluated independently.

'Different ternary mixtures of emulsifying salts [disodium phosphate (DSP), tetrasodium diphosphate (TSPP), sodium salt of polyphosphate
(P20), and trisodium citrate (TSC)] were used for manufacture of model samples. Amount of individual emulsifying salts in ternary mixture were
expressed in percentage (percentage of ternary mixtures was calculated on the total weight of emulsifying salts = 100%).

hardness development could mainly be elucidated in changes in the binding forms of the ES present, leading
the hydrolysis of ES (with 2 or more phosphorus atoms  to an adjustment to their characteristics of dissociation
in a molecule) and related to the protein matrix forma- (Guinee et al., 2004; Shirashoji et al., 2006; Weiserova
tion. Also, another possible explanation may lie in the et al., 2011). The results of TPA were confirmed by
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those of the rheological analysis. Likewise, higher val-
ues of the complex modulus (G*) indicate the increase
in firmness of the PC samples. Furthermore, these
data of the complex modulus (G*) of PC were also
in accordance with those obtained from Winter’s criti-
cal gel theory. The higher monitored values of the gel
strength can probably be explained by more intensive
interactions occurring in the PC samples (the values
of the interaction factor are shown in Table 2) such as
hydrogen bonds, hydrophobic interactions between ca-
seins and fat or calcium-intervened electrostatic bonds
among caseins, leading to the formation of a “denser”
(more intensive) network structure. On the other hand,
the reduced values of the gel strength observed during
STC course of proteolysis could have been caused by
a drop in the number of interactions in the PC matrix
(Cernikovd et al., 2008; Kapoor and Metzger, 2008).
Presumably, the novelty of this work lies in the fact
that the textural and rheological properties of the PC
manufactured from STC of different degrees of matu-
rity and different composition of ES ternary mixtures
have not been found in the literature.

CONCLUSIONS

The application of the binary mixture of DSP:TSPP
(in a ratio of 1:1) resulted in products with the highest
values of hardness (regardless of the maturity degree
of the STC applied). Furthermore, the hardness of the
samples obtained decreased with the rising maturity de-
gree of the STC used (regardless of the ES mixture ap-
plied). However, on the contrary, the hardness of all PC
samples increased with prolonging the storage period.
Admittedly, the results of TPA corresponded to those
of the rheological analysis. The highest overall rigidity
(G*), gel strength, and interaction factor values were
found in the samples prepared with DSP:TSPP (1:1),
followed by the samples prepared with P20, TSPP,
TSC, and DSP, respectively. The monitored values of
the gel strength and interaction factor decreased with
the increasing maturity degree of the STC used. The
intensity of rigidity of the PC samples has an analogous
relationship to the intensity of the gel strength; the
higher the gel strength of the sample, the more inflex-
ible the product that can be expected.
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The study was focused on selected textural and viscoelastic characteristics of spreadable processed
cheese (35 g/100 g dry matter; 50 g/100 g fat in dry matter) manufactured with different ternary
mixtures of emulsifying salts (ES) and from Mozzarella-type cheese (MC) with different storage periods
(0, 2 and 4 weeks) over the course of a 60-day storage period (6 + 2 °C). The ES utilized consisted of
disodium hydrogenphosphate (DSP), tetrasodium diphosphate (TSPP), sodium salt of polyphosphate with
mean length n = 20 (P20), and trisodium citrate (TSC). Furthermore, the hardest samples were those
manufactured from DSP and TSPP in a ratio 1:1. This ratio resulted in processed cheese with the highest
values of gel strength and interaction factor. When TSC was utilized in the mixtures, the hardness of the
samples rose with the increase of P20 (>50%). Additionally, when DSP, TSC, TSPP, and P20 were added as
sole ingredients, hardness decreased in the following order: P20 > TSPP = TSC > DSP. This trend was also
observed with the values of gel strength and interaction factor. The hardness of all samples increased
with increased storage periods. However, the hardness values dropped in relation to an increase in the

storage period of the MC.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Processed cheese (PC) is manufactured by mixing cheese, water,
emulsifying salts (ES), and other dairy/non-dairy ingredients,
commonly under vacuum, in the presence of heat and shear.
Furthermore, the desired compact structure of PC is obtained by the
addition of ES. Their ability to sequester calcium from the casein
matrix (exchanging Na* for Ca®*) and the pH adjustment cause
protein hydration and dispersion, and the casein present acts as the
“true” emulsifier within the matrix (Awad, Abdel-Hamid, El-
Shabrawy, & Singh, 2004; El-Bakry, Duggan, O'Riordan, & O'Sulli-
van, 2011; Kapoor & Metzger, 2008; Lee, Buwalda, Euston, Foe-
geding, & McKennan, 2003; Lee & Klostermeyer, 2001). The ion-
exchange ability is not identical for all ES. Therefore, the phos-
phate ion-exchange ability increases with the increasing content of
P,05 (Bunka et al.,, 2014; Shirashoji, Jaeggi, & Lucey, 2006).

Traditional Mozzarella is a soft/semi-soft, unripened, pasta-

* Corresponding author.
E-mail address: bunka@ft.utb.cz (F. Bunka).

http://dx.doi.org/10.1016/j.lwt.2016.11.019
0023-6438/© 2016 Elsevier Ltd. All rights reserved.

filata cheese, originally manufactured from water buffalo (Bubalus
sp.) milk, with high levels of moisture (50—60%) and a relatively
high pH (>5.5), typically immersed in a hot liquid (mainly a com-
bination of water, brine or whey) preserving the soft-springy
texture, whereas the high amounts of expressible serum
contribute to its flavor and physicochemical characteristics. Addi-
tionally, most Mozzarella cheese (MC) is manufactured from
pasteurized, partly skimmed cow's milk. The immersion of the
cheese-curd in the hot liquid is a specific process enhancing its
plasticization and stretching properties. Mozzarella is packaged in a
conditioning liquid and stored under refrigeration conditions
(6 + 2 °C). Moreover, MC is one of the most-consumed cheeses
worldwide, is used as an ingredient in a series of food products
(including PC), and is a high volume product supporting the food
service industries (Francolino, Locci, Ghigliettti, lezzi, & Mucchetti,
2010; Luo, Pan, Guo, & Ren, 2013; Segat et al., 2014; Zhu, Brown,
Guo, & Ren, 2015).

During the storage of MC, complex biochemical events deter-
mine its final quality and acceptance. Proteolysis is the major
phenomenon that occurs during cheese aging (besides glycolysis
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and lipolysis) that greatly affects the physical characteristics of
nearly all cheeses. Generally, cheeses show similar proteolytic
trends. On the other hand, differences in cheese nature and
manufacturing processes influence the proteolytic pattern. In
comparison to Cheddar and Dutch-type cheeses, pasta-filata
cheeses represent a special case (in terms of proteolytic pattern).
Particularly, the casein molecules (“fibres” or “strings”) are ar-
ranged distinctly after the stretching process (Costabel, Pauletti, &
Hynes, 2007; Sousa, Ardd, & McSweeney, 2001). In the case of PC,
rheological and textural properties are influenced by the age of the
applied cheese and/or also by specific technological operation
during cheese manufacturing. Hence, more intensive proteolytic
reactions result from an increasing cheese maturity level. However,
the above-mentioned properties are also affected by factors such
as: dry matter (DM), fat in DM content, pH value, type and amount
of ES added, processing, and storage conditions (Brickley, Auty,
Piraino, & McSweeney, 2007; Pachlova et al, 2011; Piska &
Stétina, 2004).

To the best of our knowledge, there are only a few publications
dealing with PC properties produced only from MC, particularly the
works of Chavhan, Kanawjia, Khetra, and Puri (2015), Chen and Liu
(2012), and Khetra, Chavhan, Kanawjia, and Puri (2015). Never-
theless, the combined effect of MC storage period and different ES
(type and composition) on the textural and rheological character-
istics of spread-type PC during its storage has not found in the
literature.

The present work was undertaken with the primary objective of
analyzing the dependence of selected textural properties (hard-
ness) and viscoelastic properties of PC made from MC on the
composition of ES ternary mixtures [composed of disodium
hydrogenphosphate (DSP), tetrasodium diphosphate (TSPP), so-
dium salt of polyphosphate with mean length n = 20 (P20), and
trisodium citrate (TSC)] during a 60-day storage period. This
dependence was observed in samples with adjusted pH (target

Mozzarella-type cheese |

values within the interval of 5.60—5.80, corresponding to the
standard pH values of spreadable PC). A supplementary aim was to
evaluate the effect of MC (basic raw material) age on the above-
mentioned dependence.

2. Materials and methods
2.1. Materials

Mozzarella-type cheese [42 g/100 g DM content; 35 g/100 g fat
in DM content; 0, 2, 4-weeks of maturity (storage at 6 + 2 °C) — the
same batch of cheese was applied during the whole experiment]
was supplied by NET PLASY s.r.o. (Bystiice pod Hostynem, Czech
Republic). Butter (84 g/100 g, DM content; 82 g/100 g, fat content)
was obtained from Sachsenmilch Leppensdorf, GmbH (Wachau,
Germany). In addition, DSP (Na;HPO4), TSPP (NasP,07), and P20
(sodium salt of polyphosphate with mean length n = 20) were
supplied by Fosfa PLC Company (Bfeclav, Czech Republic); TSC
(CeHsNa307), HCl, and NaOH were purchased from SigmaAldrich
Inc. (Schnelldorf, Germany).

2.2. Preparation of the processed cheese samples

The production of the samples was designed in order to achieve
end-products with 35 g/100 g DM content and 50 g/100 g fat in DM
content. Furthermore, the ES were utilized in 4 types of ternary
mixtures (TSC:TSPP:P20; DSP:TSC:P20; DSP:TSPP:TSC;
DSP:TSPP:P20) and their total concentration was 3 g/100 g (calcu-
lated based on the total weight of the melt). In addition, 12 per-
centage ratios of each type of ternary mixture (100:0:0; 50:50:0;
0:100:0; 40:40:20; 40:20:40; 20:40:40; 50:0:50; 0:50:50; 40:0:60;
20:20:60; 0:40:60; 0:0:100 — the percentage of the substances was
calculated on the basis of the total weight of the ES) were evaluated.
Fig. 1 illustrates the schematic description of the experimental

(raw material) | |

0-week
storage
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storage

4-week
storage

12 ratios of mixture
DSP:TSPP:P20

12 ratios of mixture
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2,9, 30 and 60 days
of storage

2,9, 30 and 60 days
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Fig. 1. Scheme of the experimental design with model processed cheeses manufactured using Mozzarella-type cheese (in various time of storage) and the different percentage
ratios of the four types of ternary mixtures comprising DSP:TSPP:P20, DSP:TSPP:TSC, DSP:TSC:P20 and TSC:TSPP:P20 (DSP — Na;HPO4, TSPP — NasP,07 P20 — sodium salt of

polyphosphate with mean length n = 20 (P20) and TSC — trisodium citrate). The model samples were tested after 2, 9, 30 and 60 days of storage.
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design. All samples were prepared in a 2 L capacity Vorwerk
Thermomix TM blender cooker (Vorkwerk & Co Thermomix GmbH,
Wauppertal, Germany). The pH of the samples was modified (target
values within 5.60—5.80) by the application of HCI/NaOH (1 mol/L).
In order to maintain the DM content at a desirable level (50 g/
100 g), the addition of water was decreased (based on the amount
of the added acid/alcali). Finally, the hot molten mass was poured
into cylindrical plastic containers (55 mm diameter, 50 mm height)
and sealed. Thereafter, the samples were left to cool and were
stored under refrigeration conditions (6 + 2 °C) until the analyses
were realized. All the subsisted analyses were performed on the
2nd, 9th, 30th, and 60th day after production, with the exception of
the rheological tests which were performed on the 30th day. Each
PC (manufactured from MC of certain storage time) was produced
in duplicate.

2.3. Mozzarella cheese ripening index determination and basic
chemical analysis of the processed cheese

One of the possible methods indicating the degree of proteolysis
is the analysis of free amino acids (FAA) content (Innocente, 1997).
The determination of the FAA content was performed according to
the methodology previously described by Bunkova et al. (2010) and
Hladka et al. (2014). Moreover, for the calculation of the total FAA
content of the MC, twenty nine FAA and their derivates were
employed, and the results were expressed in g/1000 g. Each sample
was lyophilizated twice, each lyophilisate was extracted twice and
each extract was loaded on the column in triplicate (n = 12).

According to 1SO 5534 (2004) the DM content of the samples
was determined gravimetrically. Moreover, the pH of the samples
was determined by means of a pH-meter equipped with a glass tip
electrode (pHSpear, Eutech Instruments, Oakton, Malaysia) at
22 + 2 °C.The spear was inserted into each PC sample at 3 randomly
selected sites (in each container).

2.4. Determination of textural and rheological properties of
processed cheese samples

The textural behaviour of PC samples was evaluated using a
penetration by means of a TA.XT.plus texture analyser (Stable Micro
Systems Ltd., Godalming, UK). The selected examined instrumental
parameter was hardness and was calculated according to
Szczesniak (2002). Furthermore, the obtained results were recor-
ded as force-displacement/time curves, depicting the force needed
(N) to deform the sample proportionally with time (s). Additionally,
a cylindrical aluminum probe (20 mm diameter, penetration depth
10 mm, probe speed 2 mmy/s, strain deformation 25%, trigger force
5 g) was implemented. The analyses were carried out immediately
after removing the samples from the refrigerator where they were
stored.

The RheoStress 1 (HAAKE, Bremen, Germany) dynamic oscilla-
tory shear rheometer equipped with a plate-plate geometry
(35 mm diameter) was used for the examination of the viscoelastic
properties of the PC samples. An amplitude sweep test was applied
for the determination of the linear viscoelastic region, whereas in
order to evaluate the viscoelastic characteristics of the samples the
frequency sweep mode was employed. The frequency (w) range of
0.01-100.00 Hz was used for the determination of the storage (G)
and loss (G”) moduli. Hence, the complex modulus (G*) was
calculated according to the following equation (Eq. (1)):

G =/(G)?+(G")? (1)

Winter's critical “gel theory” for weak gels was implemented.

Therefore, the complex modulus (G*) can be expressed according to
the following equation (Eq. (2)):

G'(w) = Ap-w? ()

where Af is the strength number of rheological units correlated
with one another within a three-dimensional network in which the
droplet particles are linked by more or less strong interactions
(Gabriele, De Cindio, & D'Antona, 2001; Winter & Chambon, 1986).
The recorded values were the mean of at least eight replicates
(n = 8; 2 batches x 2 containers x 2 replicates) for studying of
textural behaviour and also viscoelastic properties of samples.

2.5. Statistical analysis

The non-parametrical analyses of variance from the Kruskal-
Wallis and Wilcoxon tests (Unistat® 6.5 software; Unistat, Lon-
don, UK) were used in order to evaluate the obtained results (the
significance level was 0.05). For an estimation of the gel strength
and the interaction factor, non-linear regression analysis (non-
linear least squares regression) was used under the following
conditions: Ar > 0 and z > 0. The Marquardt-Levenburg method
was applied (Unistat® 6.5; software Unistat, London, UK).

3. Results and discussion

3.1. Determination of the Mozzarella cheese ripening index and
basic chemical analysis of the processed cheese

Proteolysis influences the final quality of the product and in the

Table 1

Development of free amino acid (FAA) content (g/1000 g) during the storage period
(0.2. 4-weeks at 6 + 2 °C) of Mozzarella-type cheese applied for the production of
processed cheese samples. The values are expressed as means + standard deviation
(n = 12; each sample was lyophilisated twice, each lyophilisate was extracted twice
and each extract was loaded on the column in triplicate).

Amino acid Period of storage of Mozzarella-type cheese
0 weeks 2 weeks 4 weeks

Threonine 0.004 + 0.000 0.008 + 0.000 0.114 + 0.001
Serine 0.005 + 0.000 0.009 =+ 0.000 0.110 + 0.001
Aspartic acid ND* 0.024 + 0.000 0.057 + 0.004
Asparagine ND ND 0.099 + 0.001
Glutamic acid 0.024 + 0.001 0.064 + 0.002 0.485 + 0.022
Glutamine ND 0.070 + 0.005 0.992 + 0.020
Proline 0.023 + 0.001 0.034 + 0.001 0.199 + 0.001
Glycine ND ND 0.013 + 0.001
Alanine 0.017 + 0.000 0.014 + 0.000 0.106 =+ 0.005
Citrulline 0.002 + 0.000 ND 0.025 + 0.000
Valine 0.002 + 0.000 0.017 + 0.001 0.231 +0.013
Cysteine ND ND ND
Methionine ND 0.005 + 0.000 0.093 + 0.009
Cystathionine ND 0.003 + 0.000 0.014 + 0.000
Izoleucine ND 0.006 + 0.000 0.118 + 0.001
Leucine 0.037 + 0.001 0.096 + 0.004 0.639 + 0.061
Tyrosine 0.020 + 0.001 0.010 + 0.000 0.051 + 0.001
Phenylalanine 0.012 + 0.000 0.027 + 0.000 0.213 + 0.001
B-Alanine ND ND ND
B-Aminobutyric acid ND ND ND
y-Aminobutyric acid ND 0.023 + 0.000 0.024 + 0.002
Ethanolamine ND 0.003 + 0.000 ND

Ornithine 0.009 + 0.001 0.023 + 0.000 0.191 + 0.004
Lysine 0.038 + 0.000 0.016 + 0.001 0.266 + 0.000
Histidine 0.026 + 0.001 0.018 + 0.002 0.086 + 0.002
1-Methyl-i-histidine ND ND ND

Arginine ND ND ND
a-Aminobutyric acid ND ND ND
3-Methyl-i-histidine ND ND ND

Total FAA 0.146 + 0.013 0.470 + 0.025 4.126 + 0.239

“ ND - not detected.
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case of MC (Juan, Zamora, Quevedo, & Trujillo, 2016; Petrella et al.,
2015). The development of FAA content (Table 1) was used as an
“instrument” for the evaluation of the ripening process. From the
obtained results it may be assumed that with the rising storage
period of the MC, the total content of FAA increased (from
0.146 + 0.013 to 4.126 + 0.239 g/1000 g) Furthermore, the most
abundant rise in individual FAA contents was observed in gluta-
mine, leucine, and glutamic acid, respectively. Generally, the
development rate of FAA during the initial 2 weeks of storage was
slow, whereas after 4 weeks their releasing intensity accelerated
(P < 0.05). Moreover, a relation between FAA development and the
maturity period had been previously reported by Vicente, Ibanez,
Barcina, and Barron (2001) and Pachlova et al. (2011). The FAA
are released during the proteolytic pathway by specific agents
(enzymes from starter, secondary flora and non-starter microflora
— in most cheese varieties) via biochemical reactions. However, in
the case of MC, the enzymes of the residual coagulant are exposed
to denaturation during the stretching process and thus weakly
contribute to the proteolysis (Ji, Alvarez, & Harper, 2004; Poveda,
Cabezas, & McSweeney et al., 2004; Sulejmani, Hayaloglu, &
Rafajlovska, 2014).

Similar DM content values among the tested samples allows
their comparison, as this factor could affect their viscoelastic
properties (Marchesseau, Gastaldi, Lagaude, & Cuq, 1997). The DM
content of the PC samples was within the interval of 35.18—35.77
(g/100 g). The obtained results depict the stability of the DM con-
tent of the samples. Additionally, the viscoelastic properties can
also be influenced by the pH of the molten mass. The pH values of
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the samples, after adjustment, ranged from 5.63 to 5.81. A possible
explanation for the “narrow” variability observed in the pH values
could be found in the ES buffering capacity or in the fact that the
production of the samples was undergone using “real” raw mate-
rials (natural cheese, butter) (Lee & Klostermeyer, 2001; Lu,
Shirashoji, & Lucey, 2008).

3.2. Textural and rheological properties of the processed cheese
samples

The textural properties of PC are of great importance for product
characterization and for the consumers' hedonic reactions. The
results of the development of PC hardness as a function of the
storage period are presented in Figs. 2 and 3. On the whole, the
applied ternary mixtures of ES influenced the hardness of the
samples. From the results it can be reported that with an increasing
storage period, the hardness of the samples rose (regardless of the
applied ES or storage rate of the MC). Furthermore, this trend could
be explained by: (i) the hydrolysis of ES (with >2 atoms of phos-
phorus in their molecule) into mono- and diphosphates, which are
connected to the protein-fat network development, or (ii) some
possible changes in the forms of bonds of the ES, resulting in the
enhancement of their dissociation properties (Awad et al., 2004;
Shirashoji et al.,, 2006; Weiserova et al., 2011). On the other hand,
with the amplifying age of the utilized MC, the hardness of the
samples decreased (regardless of the used ternary mixture of ES).
The rising aging period probably resulted in a more thorough
proteolytic pattern. In particular, casein fractions of a shorter length
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Fig. 2. The dependence of processed cheese hardness (N) on the relative amount (in percentage; axis x) of three emulsifying salts during 60-day storage at 6 °C (n = 6; the results
were expressed as means (columns) and + standard deviations (bars); processed cheese were sampled after 2 (black), 9 (white), 30 (grey) and 60 (section line) days of storage). Parts
A—C: ternary mixtures contained Na;HPO4 (DSP), NasP,07 (TSPP) and sodium salt of polyphosphate. Parts D—F: ternary mixtures contained DSP, TSPP and trisodium citrate,
Processed cheeses were made from Mozzarella-type cheese after different time of storage (parts A and D — 0 weeks; parts B and E — 2 weeks; parts C and F — 4 weeks).
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Fig. 3. The dependence of processed cheese hardness (N) on the relative amount (in percentage; axis x) of three emulsifying salts during 60-day storage at 6 °C (n = 6; the results

were expressed as means (columns) and +standard deviations (bars); processed cheese were sampled after 2 (black), 9 (white), 30 (grey) and 60 (section line) days of storage). Parts
A—C: ternary mixtures contained Na;HPOy, trisodium citrate (TSC) and sodium salt of polyphosphate (P20). Parts D—F: ternary mixtures contained TSC, NasP,0; and P20. Processed
cheeses were made from Mozzarella-type cheese after different time of storage (parts A and D — 0 weeks; parts B and E — 2 weeks; parts C and F — 4 weeks).

were formed, leading to the modulation of a protein matrix of lesser
massiveness (Brickley et al., 2007; Hladka et al., 2014; Piska &
Stetina, 2004). Moreover, the hardest samples were those
composed of DSP:TSPP (1:1), regardless of the age of the MC. This
ratio was previously identified in the works of Bunka et al. (2014),
Nagyova et al. (2014), Salek, Cernikova, Madérova, Lapcik, and
Bunka (2016), and Weiserova et al. (2011), in which different
types of natural cheeses were applied as the basic raw material. In
the same token, it can probably be stated that the “action” of this
ratio of developing samples to increased values of hardness appears
to be independent of the variety of the natural cheese used. With
the evolution of the storage period, the effect of this ratio was also
recognized; thus the hardness of the samples followed the
decreasing trend mentioned above. Mizuno and Lucey (2005) and
Kaliappan and Lucey (2011) reported that: (i) disphosphates
possess an efficient amelioration effect on the properties of casein
gelation when used in sufficient concentrations, and (ii) mono-
phosphates support the formation of bridges between caseins,
calcium ions, and diphosphates. On the contrary, when DSP or TSPP
were replaced in the mixture by TSC, the magnitude of this ratio
was not observed. This may probably lead to the inference that TSC
does not present the ability of creating new networks, and hence
does not affect the crosslinking properties of DSP and TSPP
(Kaliappan & Lucey, 2011; Lu et al., 2008; Mizuno & Lucey, 2005).

Furthermore, the results of the evolution of the samples' hard-
ness during storage with ternary mixtures composed only of
phosphate-ES are presented in Fig. 2 (parts A—C). The gradual rising
amount of P20 in the mixture led to the samples' decreasing
hardness. This decreasing tendency was observed up to a concen-
tration of P20 > 50%; above this “critical” concentration the trend
was of minor significance. An analogous result was observed by

Storage and Loss Moduli (Pa)

1:)"
Frequency (Hz)

Fig. 4. The dependence of storage G’ (full symbols) and loss G” (open symbols) moduli
of processed cheese (after 30-day storage) made from Mozzarella-type cheese at the
beginning of storage on frequency (in range of 0.01-100.00 Hz). Processed cheeses
were manufactured using Na;HPO4 (W V; part A), NasP,0; (@ O; part A), binary
mixture of disodium phosphate and tetrasodium diphospate in ratio of 1:1 (M [J; part
A), trisodium citrate (A A; part B) or sodium salt of polyphosphate (» t>; part B).
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Mizuno and Lucey (2005). According to the latter authors, the
function of polyphosphates within the matrix may provide the
caseins with manifold negative ions, resulting in the formation of
hydrophobic interactions of lower intensity among the scattered
proteins. Moreover, during the storage of the samples the trend
remained, whereas only the absolute values of hardness decreased.

All in all, the utilization of TSC in the mixtures (Figs. 2 and 3)
resulted in the increase of the samples’ hardness in proportion to
the growth of P20 concentration. The involvement of ES with
higher casein dispersion ability (mainly longer-chain poly-
phosphates) resulted in products with greater values of hardness.
Hence, the ES ion-exchange ability is enhanced by rising degrees of
casein dispersion, resulting in the improved hydrating and

Table 2

emulsifying properties of the caseins present as more interactions
thus occur within the matrix (Chen & Liu, 2012; Dimitreli &
Thomareis, 2009; El-Bakry et al., 2011; Kaliappan & Lucey, 2011;
Lu et al,, 2008; Mizuno & Lucey, 2005; Shirashoji et al., 2006).

In addition, the evolution of the hardness of the PC samples
comprised of ternary mixtures of DSP:TSPP:TSC is depicted in Fig. 2
(parts D—F). The specific ratio of DSP:TSPP (1:1) was once again
recognized, resulting in samples with the highest values of hard-
ness. Nevertheless, the gradual increase of TSC together with the
simultaneous decrease of DSP and TSPP in the mixtures provided a
noteworthy decrease in the samples' hardness.

Thereafter, when DSP, TSC, TSPP, and P20 were applied as sole ES
during the manufacturing of the PC model samples, hardness levels

Values of gel strength (A; kPa s'/?) of processed cheese (after 30-day storage) made from Mozzarella-type cheese after different time of storage (0 weeks; 2 weeks; 4 weeks).
Different ternary mixtures of emulsifying salts (disodium phosphate (DSP), tetrasodium diphosphate (TSPP), sodium salt of polyphosphate (P20) and trisodium citrate (TSC))
were used for manufacture of model samples. Amount of individual emulsifying salts in ternary mixture were expressed in percentage (percentage of ternary mixtures was

calculated on the total weight of emulsifying salts = 100%).

Type of ternary mixture Ratio of salts (percentage)

Time of storage of raw material for processed cheese production

0 weeks 2 weeks 4 weeks
DSP:TSPP:P20 100:0:0 450 + 0.26°A 3.49 + 0.12°B 2.54 + 0.12°C
50:50:0 1242 + 0.75"A 9.08 + 0.36"B 6.72 + 0.245C
0:100:0 6.84 + 0.23°A 5.17 + 0.30°B 3.63 + 0.16°C
40:40:20 9.48 + 0.31%A 7.16 + 0.20°B 5.21 + 0.26'C
40:20:40 8.68 + 031%A 6.41 + 0.35%B 471 + 0.16°C
20:40:40 9.05 + 0.67"5A 6.73 + 0.40'B 4.87 +0.22°C
50:0:50 7.22 + 0.37°A 544 + 021°B 3.89 + 0.28"C
0:50:50 7.72 + 0.30°A 5.95 + 0.36°B 425 + 025°%
40:0:60 7.22 +031°A 526 + 0.39"“B 3.98 + 0.15%IC
20:20:60 8.28 + 0.20°A 6.21 + 0.25°B 467 +025°C
0:40:60 7.86 + 0.36%A 5.86 + 0.25%B 413 +0.18%C
0:0:100 827 + 0.43°A 6.24 + 0.33°B 4.55 + 0.19°C
DSP:TSPP:TSC 100:0:0 450 + 0.26°A 3.49 + 0.12°B 2.54 + 0.12°C
50:50:0 1242 + 0.75'A 9.08 + 0.36'B 6.72 + 0.24'C
0:100:0 6.84 + 0.23°A 5.17 + 0.30°B 3.63 + 0.16°C
40:40:20 8.28 + 0.24°A 6.08 + 0.38°B 454 +021°C
40:20:40 6.83 + 0.33°A 5.08 + 0.28%B 3.67 + 0.15°C
20:40:40 6.92 + 0.30°A 5.27 + 0.37°B 3.85 + 0.17°C
50:0:50 5.79 + 0.29°A 425 + 0.24"B 3.12 £ 013
0:50:50 7.19 + 0.449A 5.47 + 0.28°B 3.99 + 0.239C
40:0:60 5.86 + 0.42°A 441 + 0.16"B 3.33 + 0.16°C
20:20:60 5.97 + 0.32°A 456 + 0.26"B 3.28 + 0.17°C
0:40:60 6.60 + 0.26°A 4.86 + 0.28“B 3.51 + 021°C
0:0:100 6.73 + 0.32°A 5.13 + 03198 3.67 + 0.13°C
DSP:TSC:P20 100:0:0 450 + 0.26°A 3.49 + 0.12°B 2.54 +0.12°C
50:50:0 5.79 + 0.29°A 425 +0.24"B 3.12 £ 0.13°C
0:100:0 6.73 + 0.32°A 513 + 031°B 3.67 + 0.13°C
40:40:20 6.94 + 0.31°A 5.29 + 0.30°B 3.79 + 0.15°C
40:20:40 7.06 + 0.30%A 5.34 + 0.28°B 3.90 + 0.19°C
20:40:40 7.17 + 0.339A 5.42 + 0218 3.95 + 0.21°C
50:0:50 7.22 + 0.379¢A 5.44 + 0.21°9B 3.89 + 0.28°C
0:50:50 7.53 + 0.30°A 5.75 + 0.26%B 418 + 0.26%°C
40:0:60 7.22 + 0.319¢A 526 + 0.39°B 3.98 + 0.15%C
20:20:60 7.74 + 028%A 5.76 + 0.23°B 430 + 0.20'C
0:40:60 7.98 + 0.322A 6.06 + 0.25°B 453 + 032'C
0:0:100 8.27 + 0.43°A 6.24 + 0.33°B 455 + 0.19'C
TSC:TSPP:P20 100:0:0 6.73 + 0.32°A 513 + 031°B 3.67 + 0.13°C
50:50:0 7.19 + 0.44°A 5.47 + 0.28"B 3.99 + 0.23°C
0:100:0 6.84 + 023"°A 5.17 + 0.30°B 3.63 + 0.16°C
40:40:20 6.64 + 0.34°A 4.88 +0.17°B 3.71 + 0.15°C
40:20:40 6.94 + 0.39*°A 5.21 + 0.24°B 3.91 +0.17°C
20:40:40 7.11 + 0.32°A 5.36 + 0.27°B 3.90 + 0.22°C
50:0:50 7.53 + 0.30°A 5.75 + 0.26°B 4.18 + 0.26°C
0:50:50 7.72 + 0.30°A 5.95 + 0.36°B 4.25 + 0.25%IC
40:0:60 7.80 + 0.31%A 5.75 + 0.24°B 424 1+ 0.19%C
20:20:60 7.95 + 0.40°A 5.95 + 0.17°B 442 +0.18°C
0:40:60 7.86 + 0.36%A 5.86 + 0.25°B 413 + 0.18°C
0:0:100 827 + 0.43°A 6.24 + 0.33'B 4,55 + 0.19°C

*The means within a column (the difference between samples with different ratio of emulsifying salts in the ternary mixture) followed by different superscript letters differ

(P < 0.05); samples with each type of the ternary mixture (DSP:TSPP:P20; DSP:TSPP:TSC; DSP:TSC:P20; TSC:TSPP:P20 were evaluated independently. The means within a line

(the difference between samples with various times of Mozzarella-type cheese storage) followed by different capital letters differ (P < 0.05); samples with each ratio of

emulsifying salts in each ternary mixture were evaluated independently.
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developed according to the following order:
P20 > TSPP = TSC > DSP. The results and the explanation therein
were shared by Dimitreli and Thomareis (2009), El-Bakry et al.
(2011), Nagyova et al. (2014), Salek et al. (2015, 2016), and
Weiserova et al. (2011). The strong capability of polyphosphates
with a longer than average chain-length to bind calcium into
complexes, with a resultant improvement in casein dispersion, may
serve as the explanation for the phenomenon described above
(Mizuno & Lucey, 2005; Shirashoji et al., 2006).

The results of the rheological analysis are depicted in Fig. 4 and
Tables 2 and 3. From the results obtained it may be assumed that
samples with divergent viscoelastic characteristics were developed
by means of the application of different types of ES. The PC samples

Table 3

comprised of DSP:TSPP (ratio 1:1) resulted in the highest values of
storage and loss moduli. On the contrary, samples manufactured
with TSC showed the lowest values of the moduli mentioned above.
On the whole, when the tested ES were applied as sole ingredients
the storage and loss moduli decreased in the following order:
P20 > TSPP = TSC > DSP. This specific trend was also confirmed by
observing of the PC hardness. The samples presenting the lowest
values of storage and loss moduli indicate a liquid-like behavior
rather than a spreadable PC with a compact network (Sadlikova
et al., 2010). Additionally, a decreasing trend denoted by the re-
sults of the hardness and the determination of storage and loss
moduli was also identified after utilizing Winter's critical gel the-
ory. Moreover, the specific function of the ratio of DSP:TSPP (1:1)

Values of interaction factor (z) of processed cheese (after 30-day storage) made from Mozzarrella-type cheese after different time of storage (0 weeks; 2 weeks; 4 weeks).
Different ternary mixtures of emulsifying salts (disodium phosphate (DSP), tetrasodium diphosphate (TSPP), sodium salt of polyphosphate (P20) and trisodium citrate (TSC))

were used for facture of model
calculated on the total weight of emulsifying salts = 100%).

Amount of individual emulsifying salts in ternary mixture were expressed in percentage (percentage of ternary mixtures was

Type of ternary mixture Ratio of salts (percentage)

Time of storage of raw material for processed cheese production

0 weeks 2 weeks 4 weeks
DSP:TSPP:P20 100:0:0 3.07 + 0.04°A 291 + 0.08°B 2.79 + 0.07°C
50:50:0 4.88 + 0.22'A 453 +0.13'B 436 + 0.17C
0:100:0 3.10 + 0.12°A 292 +0.13%B 2.74 + 0.07°C
40:40:20 463 + 0.17°A 439 + 0.05°B 418 + 0.16°C
40:20:40 3.99 + 0.10°A 3.65 + 0.10°B 3.55 + 0.11°C
20:40:40 415 +0.179A 3.88 + 0.119B 3.69 + 0.10°C
50:0:50 3.24 + 0.07°A 3.06 + 0.08"B 2.86 + 0.12%°C
0:50:50 3.26 + 0.14°A 3.06 + 0.13"B 293 +0.11°C
40:0:60 3.29 + 0.06°A 2.99 + 0.04*°B 2,99 + 0.11°C
20:20:60 3.85 + 0.12°A 3.62 + 0.04°B 3.51 + 0.07°C
327 + 0.07°A 3.04 + 0.09°B 2.86 + 0.07*°C
3.37 + 0.07°A 3.12 + 0.13°B 3.01 + 0.12°C
DSP:TSPP:TSC 3.07 + 0.04°A 291+ 0.08°B 2.79 + 0.07°C
4.88 + 022°A 453 +0.13°B 436 + 0.17°C
0:100:0 3.10 + 0.12°A 292 +0.13°B 2.74 + 0.07°C
40:40:20 434 +0.19A 4.02 + 0.08'B 3.93 + 0.079C
40:20:40 3.98 + 0.19°A 3.72 + 0.12B 3.59 + 0.11°C
20:40:40 412 +0.13%A 3.85 + 0.12°B 3.75 + 0.10C
50:0:50 3.14 + 0.09°A 2.90 + 0.03°B 2.80 + 0.07°C
0:50:50 3.53 + 0.12°A 3.27 + 0.10°B 3.16 + 0.07°C
40:0:60 3.39 + 0.13°%A 3.14 + 0.12°B 3.10 + 0.08°C
20:20:60 342 £ 0.11°A 3.19 + 0.13°B 3.06 + 0.10°C
3.17 + 0.06°A 2.98 + 0.09°B 2.85 + 0.04°C
3.08 + 0.09°A 2.89 + 0.07°B 2.77 + 0.06°C
DSP:TSC:P20 3.07 + 0.04°A 291 + 0.08°B 2.79 + 0.07°C
3.14 + 0.09°A 2.90 + 0.03°B 2.80 + 0.07°C
3.08 + 0.09°A 2.89 + 0.07°B 2.77 + 0.06°C
40:40:20 3.12 + 0.05*°A 2.93 + 0.06°B 2.83 +0.09°C
40:20:40 3.22 + 0.12%A 3.04 + 0.10°B 2.94 + 0.06°C
20:40:40 3.28 + 0.10°A 3.07 + 0.14°B 2.91 + 0.09*°C
50:0:50 3.24 + 0.07°A 3.06 + 0.08"°B 2.86 + 0.12*°C
0:50:50 330+ 0.13°A 3.10 + 0.12°B 2,98 + 0.10°C
40:0:60 3.29 + 0.06°A 2.99 + 0.04*"B 2,99 + 0.11°C
20:20:60 3.32 + 0.14%A 3.08 + 0.10°B 3.00 + 0.11°C
0:40:60 3.33 + 0.03%A 3.12 + 0.14°B 2.99 + 0.09°C
0:0:100 3.37 + 0.07°A 312+ 013" 3.01 + 0.12°C
TSC:TSPP:P20 100:0:0 3.08 + 0.09°A 2.89 + 0.07°B 2.77 + 0.06°C
50:50:0 3.53 + 0.12°A 3.27 + 0.10°B 3.16 + 0.07°C
0:100:0 3.10 + 0.12°A 292 +0.13°B 2.74 + 0.07°C
40:40:20 3.14 + 0.10*°A 2.90 + 0.04°B 2.84 + 0.12*C
40:20:40 3.19 + 0.09°A 2.95 + 0.06*°B 2.90 + 0.07°B
20:40:40 3.25 + 0.09"A 3.01 + 0.14°B 2,93 + 0.07°C
50:0:50 3.30 + 0.13%9A 3.10 + 0.12°B 2.98 + 0.10%9C
0:50:50 3.26 + 0.14%A 3.06 + 0.13"B 2,93 +0.11°C
40:0:60 3.27 + 0.12°A 2.96 + 0.11*"B 2.90 + 0.05°B
20:20:60 3.25 + 0.09"A 3.06 + 0.08"B 2.98 + 0.08%9C
0:40:60 3.27 + 0.07°A 3.04 + 0.09"B 2.86 + 0.07*°C
0:0:100 3.37 £ 0.07°A 312+ 0.13B 3.01 +0.12%C

*The means within a column (the difference between samples with different ratio of emulsifying salts in the ternary mixture) followed by different superscript letters differ
(P < 0.05); samples with each type of the ternary mixture (DSP:TSPP:P20; DSP:TSPP:TSC; DSP:TSC:P20; TSC:TSPP:P20 were evaluated independently. The means within a line
(the difference between samples with various times of Mozzarella-type cheese storage) followed by different capital letters differ (P < 0.05); samples with each ratio of

emulsifying salts in each ternary mixture were evaluated independently.
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was recognized, resulting in samples with the highest values of gel
strength and interaction factor. This result confirms the statement
that disphosphates support, under specific conditions, the forma-
tion of a three-dimensional network and the emulsification of fat
(Awad et al., 2004). Furthermore, with the increasing storage
period of the PC samples the values of gel strength and interaction
factor decreased. This decrease resulted in PC samples with lower
values of hardness, probably due to the fewer number of in-
teractions within the matrix occurring during storage (Kapoor &
Metzger, 2008). Moreover, analogous results were reported by
Sadlikova et al. (2010) and Salek et al. (2016); however, different
cheeses were utilized as the main raw materials, signaling that the
development of PC hardness during storage follows a contiguous
model regardless of the natural cheese applied.

4. Conclusions

The combined impact of the MC age and the different ternary
mixtures of ES on the textural and viscoelastic properties of PC was
evaluated. The increasing storage period of the PC samples resulted
in an increase in hardness. On the contrary, the hardness of the
samples decreased with expanding MC storage time. Model sam-
ples with diverging properties were obtained by the application of
different types of ternary mixtures of ES. The hardest samples were
those comprised of DSP:TSPP (1:1). However, when DSP or TSPP
were replaced by TSC, this ratio was not observed. The rising
amount of P20 in the mixtures led to a decrease in the samples’
hardness (up to >50%). The results obtained from the rheological
analysis were in accordance to those of the hardness analysis.
Hence, the ratio of DSP:TPSS resulted in PC with the highest values
of gel strength and interaction factor. Moreover, with increasing MC
storage periods the values of gel strength and interaction factor
decreased. From the results obtained it may be reported that both
the ES (type and composition) and MC storage period have an
important effect on the textural and viscoelastic properties of
spreadable PC.
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This study focussed on the dependence on different emulsifying salt ternary mixture composition
[disodium hydrogenphosphate (DSP), tetrasodium diphosphate (TSPP), sodium salt of polyphosphate
(P20; number of phosphate units in the chain =20), trisodium citrate (TSC)] of hardness and gel strength
of spreadable processed cheese (PC) manufactured from Cheddar and white brined cheeses. All PC
samples were stored for 60 days (6 + 2 °C). The hardest PC and samples with the highest gel strength

were those produced from DSP and TSPP in a ratio 1:1. The hardness of all examined samples increased
with the extending storage period, whilst their hardness and gel strength decreased with the rising
maturity degree of the raw material utilised. Furthermore, higher values of gel strength were reported
for the PC samples produced with Cheddar cheese in comparison with those made from white brined

cheese.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Processed cheese (PC) is a viscoelastic dairy-based gel described
also as a stable oil-in-water emulsion (Chen & Liu, 2012; Hanaei,
Cuvelier, & Sieffermann, 2015; Lee, Buwalda, Euston, Foegeding, &
McKenna, 2003). In traditional PC production, the main raw ma-
terial is natural cheese of various degrees of maturity. The types of
cheese predominantly used in different world areas vary (including
Cheddar, Dutch-type, Swiss-type, mozzarella and white brined
cheeses). In the English-speaking countries (e.g., Britain, USA,
Canada, Australia, New Zealand) the main raw material for PC
production is usually Cheddar (CDC) and mozzarella cheeses
(typically, e.g., for New Zealand). On the other hand, in countries
around the Mediterranean area, Balkan, the Near and Middle East,
white brined cheeses (WBC) represent the most consumed cheese
varieties and are therefore widely used as the main raw material for
the production of PC (Moatsou & Govaris, 2011; Cernikova,
Nebesdrova, Salek, Rihickovd, & Bunka, 2017). Many dairy in-
gredients (e.g., anhydrous butterfat, butter, cream, milk powder,
whey, buttermilk, caseinates, coprecipitates) or non-dairy

* Corresponding author. Tel.: +420 606 777 249.
E-mail address: frantisek.bunka@gmail.com (F. Bunka).

https://doi.org/10.1016/j.idairyj.2020.1048 16
0958-6946/© 2020 Elsevier Ltd. All rights reserved.

components (e.g., stabilisers, preservatives, flavouring agents, hy-
drocolloids, acidifying agents) can be optionally added into the
mixture of raw materials. Besides the ingredients in the formula-
tion, physicochemical, technological, and microbiological factors
could affect the properties of the final PC (Ferrao et al., 2016;
Kapoor & Metzger, 2008).

The desired final smooth and homogeneous matrix of PC is
formed by blending shredded natural cheese in the presence of
emulsifying salts (ES; mainly, sodium salts of phosphates, poly-
phosphates, citrates or combinations of these), heated under partial
vacuum and constant shear, commonly in a temperature range of
90—-100 °C. ES are essential components in the formulation. The
addition of ES results in ion exchange of calcium and sodium ions
and, subsequently, casein dispersion. The dispersed proteins (so-
dium paracaseinates) can serve as effective surface active sub-
stances and emulsify the dispersed free fat globules. The control
and stabilisation of the pH level and an influence on the formation
of the final casein network over holding time at the melting tem-
perature and/or over cooling are some additional roles of ES (Bunka
et al, 2014; Chen & Liu, 2012; Dimitreli & Thomareis, 2009;
Sadlikova et al., 2010; Salek, Cernikova, Madérova, Lapcik, & Bunka,
2016).

Furthermore, the consistency of PC can be affected by many
factors, including, e.g.: (i) raw material composition — the type and
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chemical profile of the natural cheese applied (dry-matter, fat,
protein, and calcium ion contents, and maturity degree), compo-
sition and concentration of ES, addition of other optional dairy and
non-dairy ingredients and also the pH of the mass to be melted;
and (ii) processing and storage conditions — agitation speed, target
melting temperature and holding time, cooling rate and also stor-
age temperature. Nowadays, hydrocolloids, regularly used in the
production of PC, are important components affecting the consis-
tency of PC (Dimitreli & Thomareis, 2007; Shirashoji, Jaeggi, &
Lucey, 2006).

CDC is a ripened hard cheese and its body has a near white or
ivory through to light yellow or orange colour. In addition, its
texture can be described as firm, smooth and waxy. Furthermore,
gas-holes are absent, whereas some openings and splits are
acceptable. The ripening period to develop typical flavour and
body characteristics is normally from 5 weeks up to 2 years (at
7-15 °C), depending on the extend of maturity required (Codex
standard 263-1966; Codex Alimentarius Commission, 2013). In
contrast, WBC are produced from curds that are not subjected to
any elevated heating (cooking) after coagulation (such as is the
case for CDC, Dutch- or Swiss-type cheeses). Their flavour is
slightly acid and salty that sometimes turns to rancid and piquant.
Moreover, the cheese mass has no rind, no gas-holes or other
openings, except for some small mechanical openings and its
texture appears to be soft but sliceable. Thus, they are consumed
after several days or up to some months of ripening in brine of
various NaCl concentrations (10—18 g 100 g~') (Hayaloglu, 2016;
Moatsou & Govaris, 2011).

The impact of ES composition on the consistency of PC pro-
duced from different natural cheeses (the main raw material),
particularly Edam (Bunka et al., 2014; Salek et al., 2015), Cheddar
(Brickley, Auty, Piraino, & McSweeney, 2007), mozzarella
(Chavhan, Kanawjia, Khetra, & Puri, 2015; Chen & Liu, 2012;
Khetra, Chavhan, Kanawjia, & Puri, 2015; Salek et al., 2017) and
Swiss-type (Salek et al., 2016) cheeses has been previously re-
ported. Nevertheless, research providing a direct comparison of
the spread properties of PC produced under identical processing
parameters and similar experimental design from two techno-
logically very different varieties of natural cheese (CDC and WBC),
and additionally with various levels of maturity, has not been
performed to date. Therefore, the main aim of the present study
was to compare the influence of two different varieties of natural
cheese with varying levels of maturity in combination with the
different composition of ES on the textural properties and the gel
strength of spreadable PC during a 60-day storage period
(6 + 2 °C). Disodium hydrogenphosphate (DSP, Na,HPOy4), tetra-
sodium diphosphate (TSPP, NasP,07), sodium salt of poly-
phosphate with mean length n = 20 (P20) and trisodium citrate
(TSC, Na3CgHs07) were used in four types of ternary mixtures of
ES. The pH of the tested samples was adjusted to the target values
within the interval of 5.60—5.80, corresponding to the standard
pH values of PC spreads.

2. Materials and methods
2.1. Materials

Commercially available CDC blocks [dry-matter content 62 g
100 g '; fat in dry-matter content, 50 g 100 g~ '; 4, 8, 12 and 16
weeks of maturity (storage at 10 + 2 °C); 1.8 g 100 g~ ! NaCl con-
tent], WBC blocks [Akawi-type cheese; dry-matter content 48 g
100 g~'; fat in dry-matter content 38 g 100 g~ '; 2, 4, 8, 16 and 24
weeks of maturity (storage at 10 + 2 °C); 7.4 g 100 g~ ' NaCl content]
and butter (dry-matter content 84 g 100 g~', fat content 82 g

100 g~ ') were purchased wholesale in the Czech Republic. The
same batch of the individual cheese varieties was used in the whole
experiment.

When Cheddar is used as raw material in Central Europe (a
minority, but some producers use it), the maturity is generally
approximately 8 weeks. Therefore, the half of this period and
twice this period (i.e., 4—16 weeks) were chosen as an appropriate
storage interval for the experiment. According to the authors'
knowledge, the selected maturity interval also covers usual stor-
age times for raw material for PC in some other countries. In the
case of white brine cheese, our practical experience from the Near
and Middle East shows us that the storage period could be longer
than the usual 2 or 3 months. This is valid also for raw material for
PC. Therefore, approximately half year was chosen as the longest
storage period. DSP, TSPP and P20 were obtained from Fosfa PLC
Company (Breclav, Czech Republic); TSC, HCl, and NaOH were
purchased from Sigma Aldrich Inc. (Schnelldorf, Germany). Water
was also added to adjusting to the required dry matter content of
the model PC.

2.2. Manufacturing procedure of the processed cheese samples

The composition of raw materials of the PC samples was
calculated to achieve final products with 40 g 100 g~ dry matter
content and 50 g 100 g~! fat in dry matter content. Moreover, four
ternary mixtures of ES (TSC:TSPP:P20, DSP:TSC:P20, DSP:TSPP:P20
and DSP:TSPP:TSC) were prepared. For all four ternary mixtures the
ES were blended in 12 percentage ratios (100:0:0; 50:50:0;
0:100:0; 40:40:20; 40:20:40; 20:40:40; 50:0:50; 0:50:50; 40:0:60;
20:20:60; 0:40:60; 0:0:100 — the percentages of the components
were calculated on the total weight of the ES; where total weight
was 100%). The total concentration of the applied ES was 3 g
100 g~! of the total weight of the melt. Fig. 1 illustrates the
experimental design.

A Vorwerk Thermomix TM blender cooker (2 L capacity; Vor-
werk & Co Thermomix GmbH, Wuppertal, Germany) with indirect
heating was employed for the production of the model PC samples
in laboratory scale (the same device was used previously by Lee
et al,, 2004) and Nagyova et al., 2014). The manufacturing pro-
cedure was described in detail in Salek et al. (2015, 2016, 2017). The
processing conditions [melting temperature 90 °C held for 1 min
(total melting time: 10—12 min) at approximately 2750 rpm] were
the same for all the formulations. The pH of the samples was
adjusted (target values within the interval of 5.60—5.80) using acid
or alkali (1 mol L' HCl or NaOH). To maintain the dry-matter
content at the desired target value (40 g 100 g~ ), the addition of
water was decreased (based on the amount of the added acid/al-
kali). Finally, the hot molten PC mass was poured into cylindrical
plastic containers (55 mm diameter, 50 mm height) and sealed.
Thereafter, the samples were left to cool and were stored under
refrigeration conditions (6 + 2 °C) until further analysis.

Analyses were performed on the 2nd, 9th, 30th and 60th day of
storage; rheological analysis was undertaken on the 30th day after
the production. Each PC sample tested was produced in duplicate
(CDC — 4 maturity levels x 4 types of ternary mixtures x 12 per-
centage ratios x 2 repetitions = 384 lots; WBC — 5 maturity
levels x 4 types of ternary mixtures x 12 percentage ratios x 2
repetitions = 480 lots) resulting in 864 lots in total. The raw ma-
terials applied and processing parameters were arranged to imitate
industrial conditions. The samples had the same target parameters
(dry matter content and pH-value) and were produced under the
same conditions (e.g., the equipment, the target melting tempera-
ture, the holding time, the same packaging, the cooling time, the
storage time and temperature). Therefore, the model PCs manu-
factured were fully comparable.
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White-brined-type cheese
(raw material)

2,4,8, 16 and 24 weeks
storage

12 ratios of mixture
DSP:TSPP:P20

2,9, 30 and 60 days of
storage

12 ratios of mixture
DSP:TSPP:TSC

2, 9,30 and 60 days of
storage

12 ratios of mixture
DSP:TSC:P20

2, 9,30 and 60 days of
storage

12 ratios of mixture
TSC:TSPP:P20

2,9, 30 and 60 days of
storage

Cheddar-type cheese
(raw material)
_| 4,8, 12 and 16 weeks |
storage
__| 12 ratios of mixture |
DSP:TSPP:P20

2,9, 30 and 60 days of
storage

12 ratios of mixture
DSP:TSPP:TSC

2,9, 30 and 60 days of
storage

12 ratios of mixture
DSP:TSC:P20

2,9, 30 and 60 days of
storage

12 ratios of mixture
TSC:TSPP:P20

2,9, 30 and 60 days of
storage

Fig. 1. Scheme of the experimental design with model processed cheeses manufactured using white-brined-type and Cheddar-type cheese in various time of storage and the
different percentage ratios of the four types of ternary mixtures comprising DSP:TSPP:P20, DSP:TSPP:TSC, DSP:TSC:P20 and TSC:TSPP:P20 (abbreviations: DSP, Na;HPO4; TSPP,
NayP,07; P20, sodium salt of polyphosphate with mean length n = 20; TSC, trisodium citrate). The model samples were tested after 2, 9, 30 and 60 days of storage.

2.3. Chemical analysis of the cheese and the processed cheese
samples

In the processed cheese samples, the dry matter (DM) content
and the pH-values were determined. DM content was gravimetri-
cally analysed according to ISO 5534 (ISO, 2004) by drying the
samples at 102 + 2 °C to constant mass. The pH values were
determined at ambient temperature by inserting a glass tip elec-
trode of a calibrated pH-meter (pH Spear, Eutech Instruments,
Oakton, Malaysia) directly into the cheese at three randomly cho-
sen locations.

In the cheese (CDC and WBC), the determination of free amino
acid (FAA) content was undertaken in accordance with the process
previously performed by Bunkova et al. (2009), Hladka et al. (2014)
and Pachlova et al. (2011) using the AAA 400 amino acid analyser
(Ingos, Prague, Czech Republic). The FAA content was calculated as
a sum of 22 individual FAAs and the content of similar substances
(y-aminobutyric acid, alanine, aspartic acid, asparagine, arginine,
citrulline, cysteine, glutamic acid, glutamine, glycine, histidine,
isoleucine, leucine, tyrosine, lysine, methionine, ornithine,
phenylalanine, proline, serine, threonine, valine; results were
expressed in g kg~1). Additionally, prior to the particular determi-
nation each natural cheese was lyophilised (Christ Alpha 14,
Christ, Osterode, Germany) twice. Furthermore, each lyophilised
sample was extracted twice and each extract was loaded on the
column in triplicate (n = 12).

2.4. Hardness measurements of the processed cheese samples

The selected textural properties of the model PC samples were
evaluated using a texture analyser TA.XTplus (Stable Micro Systems
Ltd., Godaming, UK) equipped with a 20 mm in diameter cylindrical
aluminium probe. The analysis was performed by penetration into
the sample (depth 10 mm and trigger force 5 g; deformation rate
was 2 mm s~ ')at 6 + 2 °C (the measurement was carried out within

the containers). From the force/time curves, the hardness value
were obtain as the maximum force (N) observed during penetra-
tion (n = 6).

2.5. Rheological measurements of the processed cheese samples

A dynamic oscillatory shear rheometer (RheoStress 1, Haake,
Bremen, Germany) equipped with a parallel plate—plate geometry
having a 35 mm diameter was used for the determination of the PC
viscoelastic properties. The rheological tests were carried out at
20.0 + 0.1 °C and a gap of 1 mm was applied. Amplitude sweeps
were performed to determine the linear viscoelastic regions at
which the frequency sweep of the samples was obtained. During
the tests, of the storage G’ (elastic modulus) and G” (viscous
modulus) moduli were measured at frequencies between 0.01 and
100.00 Hz and subsequently the complex modulus (G*) was
calculated as the complex sum of G’ and G”.

The Winter and Chambon (1986) critical gel model was imple-
mented for the changes evaluation in the samples viscoelastic
properties as a function of frequency:

G (w) =Ap-wt (1)

where Af (Pa s'/%) represents the gel strength, w is the frequency
(Hz) and z (dimensionless) corresponds to the interaction factor.
The recorded values were the mean of at least eight replicates
(n=8).

2.6. Data analysis

The experimental data obtained were analysed using the Uni-
stat® 6.5 (Unistat, London, UK) statistical software. Kruskal—Wallis
and Wilcoxon tests were applied for the evaluation of the results.
Significance was considered as P < 0.05. For the estimation of Ap
the method of Marquardt—Levenberg, a nonlinear regression
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analysis method (Af > 0 and z > 0) was implemented. Correlation
analysis was also carried out using Spearman correlation
coefficient.

3. Results and discussion
3.1. Free amino acids content in Cheddar and white brined cheese

The total FAA concentrations of the CDC after 4, 8, 12 and 16
weeks were 2.75, 22.18, 41.72 and 48.66 g kg~ !, respectively. In
comparison, in the WBC the total FAA concentrations after 2, 4, 8,16
and 24 weeks of ripening were 8.47, 18.74, 37.96, 58.91 and
7819 g kg~ !, respectively. With the prolonging of the ripening
period (regardless of the natural cheese applied as the main raw
material) more intensive proteolysis occurred (P < 0.05). Hydrolytic
processing of caseins was faster in WBC in comparison with that in
CDC (P < 0.05). A possible reason could lie in different cultures
(microorganisms), which are used in the production of the above
mentioned cheese. According to Fox, Guinee, Cogan, and
McSweeney (2000) and Pachlova et al. (2011) it could be
assumed that the amount of intact casein present in the natural
cheese (main raw material) correlates with the concentration of
FAA. The mean length of casein fragments after hydrolysis and so
the amount of intact casein remaining could significantly influence
the consistency of the PC (Diana, Rafecas, Arco, & Quilez, 2014;
Petrella et al., 2015; Salek et al., 2017).

3.2. Chemical analysis of the processed cheese samples

The dry matter content (DM) of all PC samples tested (regardless
of the type of cheese, the ripening period, the storage time and the

composition of ES used) ranged in the interval 40.21-40.83 g
100 g~! (P > 0.05). The composition of ES ternary mixture signifi-
cantly influences the value of pH (P < 0.05) (Nagyova et al., 2014;
Salek et al., 2015, 2016, 2017). Therefore, the pH-values were
adjusted during manufacturing (see Subsection 2.2). At the begin-
ning of the storage, the pH-values of all PC without regard to the
studied factors were in the interval of 5.61—5.84. During the 60-day
storage the pH-values slightly but significantly increased by 0.1-0.2
(P < 0.05). Similar DM content and the pH-value are essential for
successful comparison of consistency of the final products (Lee &
Klostermeyer, 2001; Marchesseau, Gastaldi, Lagaude, & Cuq,
1997; Piska & Stétina, 2004; Sadlikova et al., 2010).

3.3. Textural and rheological properties of the processed cheese
samples

For the recent study, two approaches for evaluation of PC con-
sistency were chosen. Firstly, hardness (N) was used as the
parameter describing sample behaviour under large deformation.
Subsequently, the testing was enhanced by using of rheological
measurements (gel strength — Ap; Pa), for studying of sample
changes under small shear deformation.

The effect of three factors influencing processed cheese con-
sistency was observed: (i) the composition of ternary mixtures of
four ES; (ii) the ripening period of the main raw material — natural
cheese; and (iii) the storage time up to 60 days. All these factors
were studied using samples manufactured using two very different
varieties of cheese — CDC and WBC for a comparison of the effect of
varying the main raw material. The results of the sample response
on the large (hardness) and small (gel strength) deformations are
shown in Figs. 2—7.
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Fig. 2. The dependence of processed cheese hardness (N) on the relative amount (%) of three emulsifying salts (di:
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tetrasodium di and sodium salt of

polyphosphate) during 60-day storage at 6 + 2 °C [results expressed as means (n = 6); processed cheese were sampled after 2 (), 9 (m), 30 ((7) and 60 (m) days of storage].
Processed cheeses were made from white-brined-type (WBC) cheese after different time of storage (A, 2 weeks; B, 4 weeks; C, 8 weeks; D, 16 weeks; E, 24 weeks) and Cheddar-type
cheese (CDC) after different time of storage (F, 4 weeks; G, 8 weeks; H, 12 weeks; I, 16 weeks). Please note the differences in y-axis values and hence the placement of panel I.
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citrate) during 60-day storage at 6 + 2 °C [results expressed as means (n = 6); processed cheese were sampled after 2 (), 9 (m), 30 (70) and 60 (m) days of storage]. Processed cheeses
were made from white-brined-type (WBC) cheese after different time of storage (A, 2 weeks; B, 4 weeks; C, 8 weeks; D, 16 weeks; E, 24 weeks) and Cheddar-type cheese (CDC) after
different time of storage (F, 4 weeks; G, 8 weeks; H, 12 weeks; I, 16 weeks). Please note the differences in y-axis values and hence the placement of panel I.
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Fig. 4. The dependence of processed cheese hardness (N) on the relative amount (%) of three ifying salts (disodi hosphate, trisodium citrate and sodium salt of poly-
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cheeses were made from white-brined-type (WBC) cheese after different time of storage (A, 2 weeks; B, 4 weeks; C, 8 weeks; D, 16 weeks; E, 24 weeks) and Cheddar-type cheese
(CDC) after different time of storage (F, 4 weeks; G, 8 weeks; H, 12 weeks; 1, 16 weeks). Please note the differences in y-axis values and hence the placement of panel I.
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cheese (CDC) after different time of storage (F, 4 weeks; G, 8 weeks; H, 12 weeks; I, 16 weeks). Please note the differences in y-axis values and hence the placement of panel I.

When ES were singly added (regardless the type of natural
cheese used, the maturity level and the length of the storage
period), increase of hardness and gel strength (Figs. 2—7) of PC with
sodium salts of polyphosphate (P20) was observed in comparison
with the samples with the other ES (DSP, TSPP and TSC; P < 0.05).

Sodium salt of polyphosphate probably can strongly bind cal-
cium into complexes resulting in casein dispersion enhancement.
Polyphosphates possess the strongest binding capability to bivalent
ions in comparison with monophosphates, diphosphates and/or
citrates (Bunka et al., 2012; Shirashoji et al., 2006). Additionally, the
use of TSC resulted in PC samples with similar values of hardness to
those made with TSPP (P > 0.05). Thus, TSC does not provide the
ability to create new networks (Mizuno & Lucey, 2007). The results
obtained are in accordance to those previously reported by El-
Bakry, Duggan, O'Riordan, and O'Sullivan (2011), Nagyova et al.
(2014), and Salek et al. (2015, 2016, 2017), who also used TSC.

Figs. 2, 6A and 7A illustrate the dependence of hardness and gel
strength on the composition of the mixture of DSP, TSPP and P20.
Regardless the other studied factors (the ripening time of raw
material, the storage time and the type of cheese), there is a specific
ratio of DSP and TSPP of approximately 1:1 under which the
hardness and also the gel strength increased in comparison with
the other mixtures of the tested ES (P < 0.05). This phenomenon
was observed especially when the relative content of P20 was un-
der 50%. However, this observation was not noticed when the
relative ratio of P20 was over 50%. The above mentioned effect of
the specific ratio of DSP:TSPP (including the dependence of the
relative ratio of P20) was previously detected when Dutch-type,
Swiss-type and mozzarella-type cheeses were applied (Salek
et al, 2015, 2016, 2017). The explanation lies in (i) the high ability

of TSPP to support forming casein gels and (ii) the small size of DSP
and its capability to bind onto caseins and increase their hydration.
When the relative amount of TSPP is too low, the gel is too weak
due small number of interaction between caseins. On the other
hand, when the relative concentration of TSPP is too high, the gel is
also too weak because calcium ions are strongly bonded and are not
possibly “used” during the protein network forming (Bunka et al.,
2012; Kaliappan & Lucey, 2011; Mizuno & Lucey, 2007). The same
effect (P < 0.05) was observed also when PC with the ternary
mixtures of DSP:TSPP:TSC (Figs. 3, 6B and 7B). In the other samples,
where DSP, TSPP and P20 were used, it was observed that with the
rising relative amount of P20 in the mixture, the hardness and gel
strength of the samples increased (P < 0.05; under the same levels
of the other factors tested). The latter trend was noticed in all
samples with this ternary mixture, without regard to the other
tested factors (see above).

The next studied ternary mixture was the combination of DSP,
TSPP and TSC. The results of consistency parameters tested are
presented in Figs. 3, 6B and 7B. In some PC, the effect of TSPP on
hardness and gel strength was slightly higher in comparison with
the influence of TSC. In the remaining samples, the parameter
tested was similar (P > 0.05) or the trend was opposite without any
clear reason. The results obtained about the practical similarity of
the effect of TSPP and TSC on the consistency of PC are in accor-
dance with those previously reported by El-Bakry et al. (2011),
Nagyova et al. (2014), and Salek et al. (2015, 2016, 2017). Beside that
discussed above with respect to the specific 1:1 ratio of DSP and
TSPP, the changes of hardness and gel strength were controlled by
the relative amount of TSPP and/or TSC. When the relative amount
of TSPP and/or TSC was increased in comparison with DSP, hardness
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and gel strength increased and vice versa (P < 0.05). With regard to
the fact that TSC does not provide the ability of creating new net-
works (Mizuno & Lucey, 2007), we could assume that the ability of
ion exchange, and subsequently the intensity of caseins dispersion,
are the main factors influencing hardness and gel strength in
samples with this ternary mixture containing predominantly TSC.
DSP possesses lower capacity of ion exchange in comparison with
TSPP and/or TSC (Kapoor & Metzger, 2008; Molins, 1991). The effect
of the specific ratio of DSP and TSPP 1:1 was decreasing when the
relative concentration of TSC raised (P < 0.05). The latter mentioned
trend was expected because the relative amount of the effectively
and synergistically acting mixture (DSP and TSPP, 1:1) was
decreasing. In most of the samples, where only TSPP and TSC were
used in a ratio of 1:1, the increase of hardness and gel strength
values of PC were observed (P < 0.05; compared with samples that
also contained DSP, but excluding samples where DSP and TSPP
were in ratio of approximately 1:1). The same situation was in the
ternary mixture of TSC, TSPP and P20 (Figs. 5, 6D and 7D). The
synergistic effect of the mixture of 50% TSPP and 50% TSC can also
be expected; however, clear explanation was not found in the
literature. The same phenomenon was also observed in the studies
of Salek et al. (2015, 2016, 2017 ) where Dutch-type, Swiss-type and
mozzarella type cheeses as the main raw material and the same
ternary mixtures of ES were used.

Besides the effect of the specific ratios of DSP:TSPP and TSC:TSPP
(described in detail above), the influence of the composition of the
other ternary mixtures (DSP:TSC:P20 and TSC:TSPP:P20) on hard-
ness (Figs. 4 and 5) and gel strength (Figs. 6C, D and 7C, D) of the
samples was regulated by the ability of individual ES to ion

exchange and therefore casein dispersion. The ion exchange capa-
bility of used ES was increasing in the following order:
DSP > TSPP = TSC > P20. The latter relationships between selected
ES have been published in several articles, e.g., Dimitreli and
Thomareis (2009), El-Bakry et al. (2011), Nagyova et al. (2014),
Shirashoji et al. (2006), and are also in accordance with our results
(Figs. 2—7). When the relative amount of ES with better ability to
exchange ions was higher, the values of hardness and gel strength
increased and vice versa (P < 0.05).

In all four times of storage (2, 9, 30 and 60 days) and in all four
types of ternary mixtures, hardness and gel strength of PC
(Figs. 2—7) decreased with the rising ripening period of the CDC and
also the WBC (P < 0.05; samples with the same time of storage and
the same composition of ES were compared). The explanation of
these phenomena lies in proteolysis and “shortening” of caseins in
cheeses during ripening. The results of FAA analysis unambiguously
showed that in CDC, and also in WBC, intensive proteolytic reactions
took place (see Section 3.1). When the mean length of proteins in
cheese decreases, hardness and gel strength of PC is also lower and
vice versa (Brickley et al., 2007; Bunka et al., 2013; Salek et al., 2015,
2016, 2017). Based on our results, we can assume that ripening
period influenced the absolute values of hardness of the samples
but the relations between four ES in the ternary mixtures and
especially its effect on product consistency remained unchanged.

The hardness of all PC produced increased during the whole 60-
day storage (P < 0.05) regardless of (i) the type and composition of
ternary mixture; (ii) the ripening period of CDC and WBC; or (iii)
the type of cheese — CDC or WBC. The absolute values of PC samples
hardness (Figs. 2 and 3) increased, whereas the effect of ES was
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P20, sodium salt of polyphosphate; TSC, trisodium citrate) after 30-day storage at 6 + 2 °C [results

expressed as means (n = 6)]. Processed cheeses were made from Cheddar-type cheese (CDC) after different time of storage (i, 4 weeks; m, 8 weeks; (], 12 weeks; m, 16 weeks).

practically the same. Hardness of PC could increase, e.g., due to
hydrolysis of phosphates, possible changes in the forms of binding
of the salts present and thus a change in their dissociative char-
acteristics and also due to possible changes in the crystalline
modifications of milk fat (Awad & Sato, 2002; Kapoor & Metzger,
2008; Molins, 1991).

In all four types of ternary mixtures and in all days when ana-
lyses were performed, hardness and gel strength (Fig. 7) of CDC
were higher (P < 0.05) in comparison with WBC (Figs. 2—5). This
difference in the hardness and gel strength values development
could be due to different chemical composition (including pH,
calcium content, NaCl content, residual lactose content, etc.) and
cheese making process of CDC and WBC (Piska & Stétina, 2004;
Purna, Pollard, & Metzger, 2006). The intensity of proteolysis played
also important role.

At the end of our work, correlation analysis between the values
of hardness and the values of gel strength were done. The
Spearman correlation coefficients for the tested ternary mixtures
(calculated individually for each ternary mixture type and CDC and
WBC) ranged in the interval of 0.794—0.922 (P < 0.05). This finding
confirmed again that the results obtained by the equipment using
large uniaxial deformation and by the equipment using small shear
deformation of material were in good accordance with each other.

With respect to our previous studies (Salek et al., 2015; 2016;
2017)and our recent work, we are able to infer that the general trend
of the effect of the ternary mixtures composition is the same when
different natural cheeses are used as raw material. Five types of
natural cheese (Dutch-type, Swiss-type, mozzarella-type, Cheddar-
type and white brined-type), which are used through the whole
world, were tested. In all five cheese varieties the mechanisms of

function of the above mentioned ternary mixtures were practically
very similar regardless of the ripening period of the cheese utilised.

4. Conclusions

The impact of the CDC and WBC maturity and different com-
positions of ternary mixtures of ES on the hardness and gel strength
of PC during 60-days of storage was investigated. With raising
storage period of the PC samples, an increase in hardness was
observed. On the other hand, the hardness and gel strength of the
samples decreased with prolonging of cheese ripening period for
both cheeses (CDC and WBC) used as the main raw material. The
hardest samples were those composed of DSP:TSPP (1:1). However,
when the relative amount of DSP and TSPP (in the ratio of 1:1) were
replaced by TSC or P20, the influence of the latter mentioned ratio
diminished. Furthermore, higher values of hardness and gel
strength were reported for the PC samples produced with CDC in
comparison with those made from WBC.
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ARTICLE INFO ABSTRACT

The scope of the study was the employment of an innovative method beneficial to evaluate the impact of various
emulsifying salts (ES) addition on selected properties of processed cheese sauces (PCS). The ES applied were
disodium hydrogenphospt (DSP), tetr: disphosphate (TSPP), pentasodium triphosphate (PSTP), so-
dium salt of polyphosphate n~20 (POLY) and trisodium citrate (TSC). Moreover, the examined effect was ob-
served in two groups of samples, (i) PCS with non-adjusted pH and in (ii) PCS with adjusted pH. The hardness of
the samples was influenced by the type of the applied ES, pH, and storage period. The PCS produced with
DSP:TSPP (1:1; without pH adjustment) exhibited the higher hardness which was also confirmed by the in-
creasing samples viscosity and storage modulus. The results obtained by the mechanical vibrations damping
analysis were analogous to rheological analysis. Generally, it was found that more viscous PCS exhibited “better”
vibration damping properties, which was reflected by a shift of the first resonance frequency peak position to
lower frequencies. In case of all investigated samples it was verified that the increasing storage period caused

Keywords:

Processed cheese sauce
Emulsifying salts
Mechanical vibrations
Rheology

Storage

increasing stiffness and led to a shift of the first resonance frequency peak position to higher frequencies.

1. Introduction

Processed cheese sauces (PCS) are novel cheese products and
commercially can be found in many forms (frozen, semi-liquid, shelf-
stable dry mixtures). PCS can serve as flavor enhancers, dipping sauces,
act as the main attractiveness in many dishes or help to intensify or
round out an appetizer flavor profile. However, at the moment there are
no standards of identity or definitional legal for PCS. Thus, PCS can be
produced by applying many ingredients such as natural cheese, cheese
powder, processed cheese (PC) and other ingredients of dairy or non-
dairy origin (Shalaby, Mohamed, & Bayoumi, 2017). PCS and PC could
be described as stable oil in water emulsions. Hence, their manufacture
(PCS and PC) could be realized by mixing natural cheese, milk fat,
water, emulsifying salts (ES), other optional ingredients, commonly
under vacuum in the presence of heat (temperature range of 85 up to
110°C) and constant shear (Kapoor & Metzger, 2008; Lee, Buwalda,
Euston, Foegeding, & McKennan, 2003; Mandala, Savvas, &

* Conlflict of interest: The authors declare no competing financial interest.
* Corresponding author.
E-mail address: rsalek@utb.cz (R.N. Salek).
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Kostaropoulos, 2004; Prikryl et al., 2018; Salek, Cernikové4, Madérova,
Lapcik, & Buiika, 2016; Cernikova, Nebesafova, Salek, Rihackova, &
Burika, 2018). Moreover, the formation of the desired PCS-matrix (or
PC-matrix) (with smooth and homogeneous consistency) can be af-
fected by several factors, including: (1) composition of the applied raw
materials (type and maturity degree of the natural cheeses, pH of the
natural cheese to be melt, dry matter (DM) and fat in DM, type and
concentration of the ES, possible presence of hydrocolloids), (2) pro-
cessing parameters (stirring speed and duration, cooling time and rate)
and (3) storage parameters (storage period and temperature, packaging
material properties) (Kapoor & Metzger, 2008; Cernikova et al., 2018).

Furthermore, during the production of PCS and PC ingredients of
great importance are ES due to their ability of pH adjustment and their
ability of sequestering calcium (exchanging Na* for Ca®*) from the
casein matrix. The latter “phenomena” can lead to hydration and dis-
pertion of proteins, hence, the present casein can behave as the “true”
emulsifier during the formation of the PC-matrix (Buika et al., 2014;
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Dimitreli & Thomareis, 2009; Kapoor & Metzger, 2008; Salek et al.,
2016; Weiserova et al., 2011).

Additionally, researchers continue to develop non-destructive me-
chanical methods (using vibration and acoustic characteristics) to
evaluate the effect of their impact on agricultural products by applying
high-tech methods. Mechanical vibration, which is given by oscillation
of a mechanical or structural system about an equilibrium position, is
usually expressed by time dependencies of displacement, velocity or
acceleration of individual points during vibration. Furthermore, the
mechanical vibration can be described by means of effective values of
the above-mentioned basic kinematic quantities and by decibel levels
(Kelly, 2011; Rao, 2005; Vasina, Hruzik, & Burecek, 2016). Damping
properties of a given commodity during cyclic oscillation are connected
by converting the vibration energy into heat energy dissipated by the
commodity (Ratna, Manoj, Chandrasekhar, & Chakraborty, 2004). The
vibration damping can be affected by different factors (elasticity, por-
osity, composition, stalling process, excitation frequency, inertial mass)
(Lapcik, Vasina, Lapéikova, & Valenta, 2016; Schaller, 2003). More-
over, the vibration properties of some commodities are correlated with
product hardness and maturity Essex & Finney, 1972(Nourain, Ying,
Wang, & Rao, 2005). For this reason the non-destructive mechanical
vibration damping method could be applied as a potential technique to
evaluate food quality. Nowadays, increasing attention has been placed
on the functional properties of PC that can contribute to viscoelastic
properties (mainly texture), enhancing versatility in the final use ap-
plications (e.g. 3D printing) (Fu et al., 2018; Le Tohic et al., 2018;
Solowiej, Cheung, & Li-Chan, 2014).

However, there is no existing study focused on characterization of
processed cheese sauce (PCS) viscoelastic properties using a technique
of mechanical vibration damping. The objective of the study was to
evaluate the effect of ES [consisting of disodium hydrogenphosphate
(Na,HPO,; DSP), tertasodium diphosphate (Na,P,0,; TSPP), pentaso-
dium triphosphate (NasO;oP3; PSTP), sodium salt of polyphosphate
with the mean length n=20 (POLY) and trisodium citrate
(C,HsNa305; TSC)] addition on selected properties (physicochemical,
rheological) of PCS using a novel experimental technique over a 60 day
storage period (at 6 = 2°C). The examined effect was observed in two
main groups of samples, (i) PCS with non-adjusted pH arising from the
interactions of the applied ES as well as in (ii) PCS with adjusted pH
(target values within the interval of 5.60-5.80). Furthermore, the cur-
rent study probably will help to “increase” the optical view for the
characterization of PC product properties suitable for quality control
application in the certain field.

2. Materials and methods
2.1. Materials

Dutch-type cheese (50 g/100 g dry matter; 30 g/100 g fat in DM; 7-
week maturity; the same batch of natural cheese was used in the whole
experiment) was purchased from Kromilk, a.s. (Kroméfiz, Czech
Republic). Yoghurt (20 g/100 g dry matter; 10 g/100 g fat) was ob-
tained from Kri, S.A., Milk Industry (Serres, Greece). Butter (82 g/100 g
dry matter; 84g/100g fat) was supplied from Sachsenmilch
Leppersdorf, GmbH (Wachau, Germany). In addition, DSP; TSPP; PSTP;
POLY were purchased from Fosfa PLC Company, (Bieclav, Postornd,
Czech Republic); TSC, HCl and NaOH were supplied by SigmaAldrich
Inc. (St. Louis, MO).

2.2. Preparation of the PCS samples

The Vorkwerk Thermomix TM blender cooker (Vorkwerk & Co,
Thermomix GmbH, Wuppertal, Germany) was used to manufacture the
model PCS samples. The same apparatus was also employed for the
production of PC samples in the works of Lee et al. (2003) and Salek
et al. (2016). Moreover, the production of the samples was designed to
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achieve end-products with 25 g/100 g dry matter and 40 g/100 g fat in
DM. All ES were applied as sole ingredients and one binary mixture of
ES consisting of DSP and TSPP (in a ratio 1:1) was also tested. The total
concentration of the ES was 3 g/100 g of the total weight of the melt.
The production protocol (total melting time 8-10 min) was described in
detail in the work of Buiika et al. (2014) and Salek et al. (2016). The hot
melt mass was transferred into cylindrical polypropylene pots (52 mm
in diameter; 50 mm high) and sealed with aluminium lids. Additionaly,
PCS in which the pH was adjusted [to achieve a target value within the
interval of 5.60-5.80 using acid or alkali (1 mol/L of HCl or NaOH)]
were manufactured. The calculated amount of acid/alkali was added to
the production apparatus in the range of 85-86 °C. Hence, the water
addition was decreased by the calculated amount of acid/alkali. The
samples were cooled and stored (at 6 = 2°C). The analyses were rea-
lized on the 2nd, 9th, 16th, 30™ and 60" day after the production day
(day 1 was the production day).

2.3. Dry matter content and pH measurement of the PCS samples

The DM content of the PCS samples was gravimetrically determined
according to ISO 5534 (2004). In addition, pH of the tested samples was
measured (at a temperature of 25 = 1°C) by inserting a glass tip
electrode of a calibrated pH-meter (pHSpear, Eutech Instruments,
Oakton, Malaysia) directly into the sample at three randomly selected
locations. Each PC sample was measured in triplicate (n = 9).

2.4. Deter

of PCS samples textural and viscoelastic properties

The determined textural parameter of the PCS was hardness (de-
fined as the force needed to attain a given deformation — maximum
force during the first penetration cycle; N) (Chen & Opara, 2013) and
was calculated according to Szczesniak (2002). The evaluation of
hardness was performed using the TA.XTplus texture analyzer (Stable
Micro Systems Ltd., Godalming, UK). The measurements were realized
at 6 += 2°C (each pot was measured immediately after removing from
the fridge). Moreover, the obtained results were recorded as force-dis-
placement/time curves, describing the force (N) needed to deform the
tested sample proportionally to time (s). A penetration event (cylind-
rical probe P20 with 20 mm diameter, penetration depth 10 mm, probe
speed 2 mm/s, trigger force 5 g, strain deformation 25%) was employed
during the measurement. On each day of analysis, each sample was
measured in triplicate (n = 3).

A dynamic oscillatory shear rheometer (Rheostress 1, Haake,
Bremen, Germany) equipped with a plate-plate geometry (35 mm dia-
meter, 1 mm gap) was used for the determination of the PCS viscoe-
lastic properties. Furthermore, all samples were measured in the control
shear stress mode at a frequency ranging from 0.01 to 10.00 Hz (at
20.0 = 0.1°C). The amplitude of shear stress (20 Pa) was selected in
the linear viscolelasticity region. Moreover, the storage (G Pa) and
loss (G Pa) moduli were determined as a function of the excitation
frequency f. According to the following equation (1) was determined
the complex modulus (G*; Pa).

G* = \J(G)* + (G~)? (6))

The rheological analysis of the model PCS samples was performed
on the 30" day of storage (6 = 2°C) and the reported values were the
mean of at least 4 replicates (n = 4).

2.5. Deter

of PCS samples mechanical vibration damping

The sample ability to damp mechanical vibration can be expressed
by the transfer damping function (D; dB) (Lapcik et al., 2016) according
to equation (2).

D= 20»101,Yﬂ
v2 )
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where v; (m/s) is the velocity amplitude on the input side of the tested
sample and v, (m/s) is the velocity amplitude on the output side of the
tested sample. Moreover, in case of the harmonic forced oscillation, it is
also possible to express the transfer damping function by equation (3).
D = 20-log2

a 3
where a; (m/s?) is the acceleration amplitude on the input side of the
tested sample and a, (m/s?) is the acceleration amplitude on the output
side of the sample. Based on the transfer damping function value, there
are three different types of mechanical vibration, i.e. damped (D > 0),
undamped (D = 0) and resonance (D < 0) vibration (Vasina et al.,
2016).

Harmonically excited systems with single degree of freedom are
characterized by natural frequencies. In case of a spring-mass-system,
consisting of a spring of stiffness k (N/m) and a connected mass m (kg)
to the spring, the undamped natural frequency w, (rad/s) of the system
(Rao, 2005) is given by equation (4).

[k

“\m @

Real systems are characterized by an additional viscous damping
under a harmonic motion. These spring-mass-damper systems have
maximum displacement amplitudes, when are excited at the damped
natural frequency w, (rad/s), which is expressed by the following
equation (5).

Wn

@y =27 fy = wp1 — 282

(5)

where fi (Hz) is the resonant frequency and & (—) is the damping ratio.
The damped natural frequency is always less than the undamped nat-
ural frequency (Stephen, 2006).

The mechanical vibration damping testing of the PCS was per-
formed by the forced oscillation method. In addition, the transfer
damping function was experimentally measured using the BK 4810
vibrator device in combination with a BK 3560-B-030 three-channel
signal pulse multi-analyzer and a BK 2706 power amplifier at the fre-
quency range of 2-600 Hz. Sine waves were generated by the vibrator
device. The acceleration amplitudes on the input and output sides of the
investigated specimens were recorded by the BK 4393 accelerometers
(Briiel & Kjar, Narum, Denmark). The samples were located in a metal
bowl. Furthermore, the measurements of the transfer damping function
were performed for the mass load m = 85 g, which was located on the
upper side of the periodically loaded tested samples. The sample di-
mensions were (60 x 60 x 20 mm; length x width x height; cuboid
shape). Each measurement was repeated 5 times (n = 5) at 23 = 1°C.

2.6. Statistical analysis

The obtained results were analysed by non-parametrical analysis of
variance of Kruskall-Wallis and Wilcoxon tests (Unistat” 5.5 software;
Unistat, London, UK), where the significance level was 0.05.

3. Results and discussion
3.1. Basic chemical analysis of the PCS

Dry matter of all samples was within the interval 24.87-26.63 g/
100 g. The results depict the stability in the DM content. The nessecity
of dry matter similarity between the samples allows their comparison,
as this factor could affect their properties (Lee et al, 2003;
Marchesseau, Gastaldi, Lagaude, & Cuq, 1997; Weiserova et al., 2011).

Additionally, the properties of the PCS can be also influenced by the
pH of the produced molten mass. The pH of samples without pH ad-
justment ranged from 5.23 to 6.51 (after 2 days of storage).
Furthermore, the observed wide range in the pH could be explained by
the buffering ability of ES (Dimitreli & Thomareis, 2009). The highest
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pH was reached when DSP:TSPP (1:1), DSP, TSPP and PSTP (in all cases
pH = 6.33) were used. Moreover, the pH of the samples prepared with
TSC was lower (pH = 5.91). On the other hand, the application of POLY
resulted in an intensive pH decrease (pH = 5.23). The current phe-
nomenon might be explained by more intensive release of H* (from the
molecules of polyphosphates) into the melt, resulting in a decrease of
the pH. The pH of the samples, after pH adjustment, ranged from 5.62
to 5.87. Furthermore, a possible explanation for the “close” variability
observed in the pH could be found in the ES buffering capacity or in the
fact that the production of the samples was undergone using “real” raw
materials (Lee & Klostermeyer, 2001; Lu, Shirashoji, & Lucey, 2008).
According to Lee and Klostermeyer (2001) low pH processed cheese
could be dry and crumbly whereas high pH processed cheese products
could be moist and present an elastic behavior. Nevertheless, during the
60 d storage period the pH of all samples (with and without pH ad-
justment) showed a decreasing trend (data not shown). Thus, in most of
the examined samples the observed decrease was in the range of
0.2-0.3 pH units. The results are in agreement with those of Shalaby
et al. (2017).

3.2. Textural and rheological properties of the PCS samples

Fig. 1 shows the development of hardness of the PCS samples
manufactured with different types of ES (with and without pH adjust-
ment; Part A and B) during a 60 d storage period (at 6 * 2°C). From
the obtained results it could be assumed that the type of applied ES and

05
A
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0.2
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0.0 -
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Fig. 1. The development of processed cheese sauce hardness (calculated as the
maximum force during penetration, N) on the type of the applied emulsifying
salt [disodium hydrogenphosphate (DSP), tertasodium diphosphate (TSPP),
pentasodium triphosphate (PSTP), sodium salt of polyphosphate with the mean
length n = 20 (POLY), trisodium citrate (TSC) and binary mixture of disodium
phosphate and tetrasodium diphospate in ratio of 1:1 (DSP:TSPP)] during a 60-
day storage period at 6 = 2°C [n = 3; the results were expressed as means
(columns) and standard deviations (bars); processed cheese sauces were sam-
pled after 2 (black), 9 (silver), 16 (dark-gray), 30 (light-gray) and 60 (dim-gray)
days of storage]. Two groups of processed cheese sauce were produced (part A,
samples with pH adjustment; part B, samples without pH adjustment.
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Fig. 2. Dependence of the viscosity of the processed
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B cheese sauces (after 30 days of storage at 6 + 2°C)

manufactured with different types of emulsifying
salts [disodium hydrogenphosphate (Na,HPO4; DSP;
full circle), tertasodium diphosphate (Na,P,0; TSPP;
full triangle), pentasodium triphosphate (NasO,0P3;
PSTP; open triangle), sodium salt of polyphosphate
with the mean length n™20 (POLY; full square) and
trisodium citrate (C,HsNa3Oy; TSC; open circle) and
binary mixture of disodium phosphate and tetra-
sodium diphospate in ratio of 1:1 (DSP:TSPP; open
square)] on the frequency (range of 0.1-10.0). Two
groups of processed cheese sauces were produced;
samples without pH adjustment (part A) and samples
with pH adjustment (part B).

Fig. 3. Dependence of the storage (G part A and B)
and loss (G”; part C and D) moduli of processed
cheese sauces (after 30 days of storage at 6 = 2°C)
manufactured with different types of emulsifying
salts [disodium hydrogenphosphate (Na,HPO,4; DSP;
full circle), tertasodium diphosphate (Na,P,0; TSPP;
full triangle), pentasodium triphosphate (NasO,0P3;
PSTP; open triangle), sodium salt of polyphosphate
with the mean length n~20 (POLY; full square) and
trisodium citrate (C;HsNazOy; TSC; open circle) and
binary mixture of disodium phosphate and tetra-
sodium diphospate in ratio of 1:1 (DSP:TSPP; open
square)] on the frequency (range of 0.1-10.0). Two

groups of processed cheese sauces were produced;
samples with pH adjustment (part B and D) and
samples without pH adjustment (part A and C).
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pH of the melt significantly affected the hardness of the examined PC
samples (P < 0.05). In the case of samples without pH adjustment, the
PCS prepared with DSP, TSPP, PSTP and TSC presented lower hardness.
On the contrary, higher hardness was observed in the samples manu-
factured with the binary mixture of DSP:TSPP, followed by those made
with POLY (P < 0.05). The influence of the specific ratio of DSP:TSPP
and POLY on PCS increasing hardness was explained by Dimitreli and
Thomareis (2009), Kaliappan and Lucey (2011). Furthermore, in the
case of PCS manufactured with pH adjustment, hardness followed a
similar trend as in the above-mentioned case. However, a noteworthy
difference observed it was that the higher hardness was detected in the
samples prepared with POLY (P < 0.05). According to Mizuno and
Lucey (2005) polyphosphates can charge the caseins with negative ions,
resulting the development of “weak” hydrophobic interactions among
the proteins within the cheese matrix. Nevertheless, the impact of the
specific ratio of DSP:TSPP (1:1) on the PCS hardness was diminished

1 10

f (Hz)
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(P < 0.05). The resulting hardness for the samples made with
DSP:TSPP (1:1) was similar to those made with TSPP, PSTP and TSC.
Additionally, the hardness of all examined samples increased with the
rising of the storage period (P < 0.05). Analogous phenomena and
their explanation can be found in the works of Awad, Abde-Hamid, El-
Shabrawy, and Singh (2002) and Salek et al. (2016). With respect to our
results, it could be stated that the “action” of the current ratio
(DSP:TSPP; 1:1) developing samples of increasing hardness appears to
be in close relation with the pH of the melt.

The rheological analysis results are presented in Fig. 2 and Fig. 3.
From the obtained results it could be stated that the applied type of ES
affected the viscoelastic characteristics of the PCS (P < 0.05). The
ability of a PC product to spread and/or flow is described by viscosity
(Kapoor & Metzger, 2008). Furthermore, the viscosity of the tested PCS
was influenced by the applied type of ES (Fig. 2; P < 0.05). Since
viscosity and hardness are correlated (Glibowski, Zarzycki, &
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30 Fig. 4. Frequency dependence of the transfer
A damping function (D) of processed cheese sauce
samples manufactured using disodium phosphate
ot f: d using disodi hosph:
(NayHPO4; DSP) without pH adjustment [part A;
20 sampled after 2 (black circle), 30 (red circle) and 60
(green triangle) days of storage at 6 = 2°C] and so-
— — dium salt of polyphosphate with the mean length
g 10 g n~20 (POLY) with pH adjustment [part B; sampled
a a after 2 (black circle), 16 (red circle) and 60 (green
triangle) days of storage at 6 * 2 °C] during storage.
(For interpretation of the references to colour in this
0T figure legend, the reader is referred to the Web ver-
sion of this article.)
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Fig. 5. Frequency dependence of the transfer damping function (D) of pro-
cessed cheese sauce samples manufactured using different types of emulsifying
salts [tetrasodium diphosphate (Na,P,0; TSPP; black circle), trisodium citrate
(C;HsNaz0y; TSC; red circle), DSP:TSPP (ratio 1:1); green triangle] without pH
adjustment. The processed cheese samples were evaluated after 2 days of sto-
rage at 6 = 2°C. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Krzepkowska, 2008), the viscosity of the analysed samples showed an
analogous trend as was observed for hardness. Thus, the samples pre-
pared with DSP, PSPT, TSPP, TSC and wihout pH adjustment could be
characterized by more liquid-like behavior than that prepared with
POLY and DSP:TSPP. The degrees of elastic and viscous behavior of
viscoelastic materials are expressed by the storage (G’) and loss (G”)
moduli (Fig. 3), respectively (Mleko & Lucey, 2003). According to
Solowiej et al. (2015) when G" > G’, PC has viscous properties. More-
over, it can be seen that all PCS samples presented a more viscous-like
character (in all cases the G" > G’). According to the literature, PC with
low DM content are more viscous than products with higher level of DM
content. On the same token, higher level of moisture could increase the
rotational mobility of protein molecules and the ,system* exhibits less
shear-dependent character (Dimitreli & Thomareis, 2004; Solowiej
et al., 2015). The PCS samples manufactured with POLY and DSP:TSPP
without pH adjustment were harder and more elastic than the rest of
the tested samples (P < 0.05). The latter observation could indicate a
relationship between PCS hardness and storage modulus (G’). However,
the adjustment of pH resulted in samples with lower viscosity, storage
and loss moduli. The examined samples followed the same trend as was
previously mentioned; the effect of the specific ratio of DSP:TSPP was
weakened. Hence, the current samples showed similar viscosity, storage
and loss moduli as those prepared with TSPP and TSC.
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f (Hz)

Fig. 6. Frequency dependence of the transfer damping function (D) of pro-
cessed cheese sauce samples manufactured using the mixture of disodium hy-
drogen phosphate (Na,HPO,4; DSP) and tetrasodium diphosphate (Na,P,07;
TSPP) in a ratio 1:1 (DSP:TSPP; black circle: samples without pH adjustment, red
circle: samples with pH adjustment), and tetrasodium diphosphate (Na,P,07;
TSPP; green triangle: samples without pH adjustment, yellow triangle: samples
with pH adjustment) with (WA). The processed cheese sauce samples were
evaluated after 30 days of storage at 6 + 2°C. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the Web version
of this article.)

3.3. Mech 1 vibration d

1ping of the PCS sampl

In general, from the obtained data (Figs. 4-6) it could be assumed
that when D was lower than zero (D < 0) no damping properties oc-
curred, indicating resonant mechanical vibration. On the other hand,
when the values of the transfer damping function were higher than zero
(D > 0) the mechanical vibrations were damped. Moreover, “better”
vibration damping properties were observed at higher values of the
transfer damping function in parallel examined samples (Figs. 4-6).

The effect of the storage period on the transfer damping function (D)
for the PCS made with DSP without pH adjustment and the sample
prepared with POLY with pH adjustment is shown in Fig. 4. It is evi-
dent, that the resonant mechanical vibration (D < 0) of the tested PCS
was achieved at low excitation frequencies. Contrariwise, the me-
chanical vibration damping (D > 0; damped vibration) was achieved
from certain frequencies, in this case from 95 to 150 Hz (DSP) and from
63 to 87 Hz (POLY) depending on the storage period (Fig. 4). Moreover,
the mechanical damping properties of the investigated PCS were de-
creasing with the increasing storage period (P < 0.05). For this reason
the increasing storage period contributed to lower transformation of
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Table 1

LWT - Food Science and Technology 107 (2019) 178-184

First resonance frequency (fz1; Hz) of the processed cheese sauce samples with thickness t = 20 mm and inertial mass m = 85g.

Type of Emulsifying Salt pH Adjustment’ Storage Time (days)
2 9 16 30 60
POLY NA® 42+1° 45+ 2° 52 % 2° 55 + 2¢ 60 + 3°
WA® 44£1° 48 2" 55+ 2° 59 + 3¢ 66 + 3°
DSP:TSPP NA* 41 +2° 44£1° 49 £ 2° 51 +2¢ 58 + 2¢
WA® 49 +2° 52+ 2° 55+ 2¢ 62 + 3¢ 70 + 3¢
TSC NA* 62+ 3* 71 42" 79 + 3° 91 + 44 109 + 5°
WA® 60 + 2° 66 + 2° 69 + 3¢ 70 + 3¢ 81 + 3°
DSP NA* 59 + 3° 64 + 2" 66 + 3¢ 79 =3¢ 99 + 4°
WA*® 63 + 2° 65 + 3" 77 * 3¢ 83 3¢ 100 *+ 4°
PSTP NA* 61 + 3% 65 + 2" 67 +3° 81 + 4% 103 + 5¢
WA* 63+ 2° 66 + 3° 70 * 3¢ 85+ 3¢ 106 + 4°
TSPP NA® 64+ 3° 72+ 3" 79 * 3¢ 93 + 44 107 + 5°
WA® 57 +£2° 67 + 3" 68 + 2° 69 + 3¢ 88 + 3°

““Means in the same row with different superscripts are significantly different (P < 0.05).
f NA = processed cheese sauce samples without pH adjustment; WA = processed cheese sauce samples with pH adjustment.

& Mean + standard deviation.

input mechanical energy into heat during forced oscillations. This fact
led to higher stiffness (k) and lower damping ratio () of the tested PCS,
as shown in equations (4) and (5). The latter was in excellent agreement
with the above-mentioned finding (Fig. 1) that the tested PCS hardness
was increasing with the increasing storage period (P < 0.05). There-
fore, the first resonance frequency (fr1 =Dmin; peak minimum) (Fig. 4)
of the tested samples was shifted to the right with the prolonging of the
storage period (Fig. 4), i.e. from 63 Hz to 100 Hz (DSP) and from 44 Hz
to 66 Hz (POLY). The latter shift of the first resonance frequency could
indicate that the mechanical energy transfer in the PCS samples in-
duced by the cyclic vibrator oscillations had a less dissipative character.
Additionally, the frequency shift corresponded to formation of a vis-
coelastic three-dimensional network spreading within the matrix. Ty-
pically, more viscous behavior of a matrix is accompanied by higher
mechanical energy dissipation and vice versa (Lapc¢ik et al., 2017).
These facts resulted in an increase of the damped and undamped nat-
ural frequencies (Rajoria & Jalili, 2005) as shown in equations (4) and
(5). In addition, independently on the pH adjustment, the influence of
the storage period on the fz;was also found for the other tested PCS
(Table 1). The results obtained from the mechanical vibration damping
method were also in agreement with the measured viscoelastic prop-
erties. According to the available literature rheology might prove to be
a very effective tool providing direct insight into the damping proper-
ties of a material such as material loss factor (tan &), loss (G”) and
storage (G’) shear moduli. Moreover, the higher the viscous modulus
and material loss factor, the better is the damping capacity of the ma-
terial (Sharma et al., 2013). The loss factor (tan &) can be applied as a
parameter characterizing damping properties of a material. In general,
the loss factor is defined as the ratio of energy dissipated in the material
during vibrations to the maximum potential energy stored in the ma-
terial, i. e. as the ratio of shear moduli (tan8 = G"/G’) measured by
dynamic rheological properties. Furthermore, tan & is correlated with
the material internal friction (Zielonka & Dobkowski, 1998). The fre-
quency dependencies of the transfer damping function for selected PCS
samples without pH adjustment after two days of storage at 6 = 2°C
are shown in Fig. 5. Thus, it is visible that “better” mechanical damping
properties, which are characterized by a higher damping function D at
higher excitation frequencies, were found for the samples manufactured
with DSP:TSPP [(1:1); fr; = 49Hz] (P < 0.05). As in the previous case
(Fig. 4), “better” mechanical damping properties led to a shift of the
first resonance peak frequency to lower excitation frequencies (Fig. 5).
Moreover, similar damping properties (fg; = 44 Hz) were also obtained
when POLY (Table 1) was applied in the production of the model PCS. A
possible explanation could be found in a higher internal friction during
the forced mechanical stress of these two PCS samples compared to the
remaining samples (without pH adjustment; after 2 days of storage at
6 + 2°C), which embodied a higher first resonance frequency
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(fri=60Hz) (Table 1). A similar effect of the D on the fz; was also
found for the tested PCS with pH adjustment. Inner friction during the
forced oscillations is in general increasing with the increasing viscosity
and the loss moduli (G™") (Gojny & Schulte, 2004; Palou et al., 2011)
(Figs. 2 and 3). For this reason, higher internal friction led to lower fz,;
(Table 1) of the tested PCS. Thus, it is accompanied by “better” vibra-
tion damping properties and higher transformation of the mechanical
energy into heat during the forced oscillations (Jiinior, Jinior, Amico,
& Amado, 2012). The effect of pH adjustment on vibration damping
properties after 30 days of storage at 6 = 2 °C is depicted in Fig. 6. The
adjustment of pH had a “positive” influence on mechanical vibration
damping for the TSPP sample, which was reflected in the decrease of
the fr; from 93 Hz to 69 Hz (Fig. 6) as well as in the case of the TSC
sample (decrease of the fz, from 91 Hz to 70 Hz) (Table 1). This fact was
probably caused by a higher viscosity (Palou et al., 2011) of these
samples (Fig. 2), resulting in higher damping ratio ¢ during harmonic
mechanical loading, lower stiffness k and subsequently in lower
damped and undamped natural frequencies [equations (4) and (5)].
However, the opposite effect of the pH adjustment on the mechanical
vibration damping was observed for the remaining PCS samples. In
these cases, the pH adjustment caused a viscosity reduction, resulting in
lower internal friction during harmonic loading of the PCS and higher
fra (Table 1). For example, in the case of the DSP:TSPP (1:1) sample, the
pH adjustment resulted in an increase of the fz; from 51 Hz to 62 Hz
[(Fig. 6); (P < 0.05)].

It was evident from the above-mentioned results that the novel
mechanical vibration damping technique is in excellent agreement with
the textural and rheological analyses of the investigated PCS. It could be
also concluded that the vibration damping method is applicable in cases
where there is a significant transformation of input mechanical energy
into heat during forced oscillations. This phenomenon occurs especially
in samples with higher damping ratio £ and the viscosity. The vibration
damping method could be applied to different types of more viscous
materials, e.g. to sauces, honey, cheese, yoghurt, condensed milk/
whey, concentrated solutions etc. Generally, viscoelastic materials (or
food matrices) could be developed fairly efficiently for a specific ap-
plication. Therefore, by proper manufacture process, complex food
matrices (such as PCS) might be developed to possess a wide variety of
desirable damping properties over selected frequency range to evaluate
their quality characteristics (Hujare & Sahasrabudhe, 2014).

4. Conclusions

The aim of the current work was the application of a novel method
to describe the effect of different type of ES on selected functional
properties of PCS during a 60 day storage period. It could be stated that
the hardness of the samples was affected by the applied type of ES, pH
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of the melt and storage period. The results obtained by the rheological
analysis were analogous to those of mechanical vibrations damping
analysis. Furthermore, it was found that the samples prepared with
DSP:TSPP (1:1) and POLY (without pH adjustment) presented the
higher hardness. The latter phenomenon was also confirmed by the
increasing samples viscosity and storage modulus. On the contrary, the
remaining tested samples showed lower hardness, storage modulus,
viscosity, however, they presented increased fz;. The hardness of all
tested samples increased with the increasing storage period. In general,
it could be concluded that the hardness of the samples was affected by
the storage modulus and additionally, the vibration damping properties
were influenced by their viscosity and loss modulus. Finally, it could be
stated that the novel mechanical vibration damping method is applic-
able in cases where there is a significant transformation of input me-
chanical energy into heat during forced oscillations. The latter phe-
nomenon occurs especially in samples with higher damping ratio and
viscosity.
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ABSTRACT

The aim of this work was to examine the effect of a
different dry matter (DM) contents (35 and 45% wt/
wt) and fat in DM contents (40 and 50% wt/wt) on the
textural and viscoelastic properties and microstructure
of model processed cheeses made from real ingredients
regularly used in the dairy industry. A constant DM
content and constant fat in DM content were kept
throughout the whole study. Apart from the basic
chemical parameters, textural and viscoelastic proper-
ties of the model samples were measured and scanning
electron microscopy was carried out. With increasing
DM content, the rigidity of the products increased and
the size of the fat globules in the model samples of the
processed cheeses decreased. With increasing fat in DM
content, the rigidity of the processed cheeses decreased
and the size of the fat globules increased.

Key words: processed cheese, texture, rheology,
scanning electron microscopy

INTRODUCTION

Spreadable processed cheese is defined by Codex Ali-
mentarius (1978) as a product made by grinding, mix-
ing, melting, and emulsifying with the aid of heat and
emulsifying salts, one or more varieties of cheese with
or without the addition of milk components or other
foodstuffs in accordance with this standard. The rules
for the relationship between the DM content and the
fat in DM (FDM) content are also presented (Codex
Alimentarius, 1978). In the region of Middle Europe,
we could also find products in which the DM content is
lower than the amount stated in the standard but that
is still named “processed cheese.”
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! Corresponding author: cernikova@ft.utb.cz

Processed cheeses are traditionally manufactured
from a mixture of natural cheeses and many other dairy
(e.g., anhydrous butterfat, butter, cream, milk powder,
whey, buttermilk) and nondairy (e.g., stabilizers, preser-
vatives, flavor enhancers) ingredients. Important food
additives during the production of processed cheeses
are emulsifying salts (usually the sodium salts of phos-
phates, polyphosphates, and citrates or their mixtures),
which help the casein proteins emulsify the fat present,
hydrate the free water, and participate in developing
the final matrix of the product. Processed cheeses are
directly consumed and are used as raw material for fur-
ther processing in the industry and catering (Lee et al.,
2003; Kapoor and Metzger, 2008; Nagyova et al., 2014).

One of the most important and very critically
evaluated parameters of processed cheeses is their
consistency, which can be, according to the actual
parameters, in the form of blocks, slices, spreads, or
sauces (Kapoor and Metzger, 2008). The particular
consistency of the product is affected by many factors,
which can be divided into 4 main groups: (1) the final
parameters of the processed cheese (especially DM,
protein, fat and fat-free DM content, and pH value);
(2) the composition of the raw material mixture (e.g.,
the type and degree of maturity of the natural cheese,
the concentration and composition of the emulsifying
salts, and the concentration and composition of the
stabilizers), which to some extent determines the final
parameters of the product quoted in (1); (3) processing
parameters during production (especially the agitation
speed, melting temperature, stirring time, and rate of
cooling the melt); and (4) the storage conditions of pro-
cessed cheeses (e.g., impermeability of the packaging,
storage temperature, and length of the storage period;
Lee and Klostermeyer, 2001; Dimitreli and Thomareis,
2004, 2007, 2008; Kapoor and Metzger, 2008; Bayarri
et al., 2012; Bunka et al., 2013, 2014; Nagyova et al.,
2014; Shirashoji et al., 2016). During the storage pe-
riod, especially within the first 14 d of cold storage, a
further change in consistency, along with an increase in
the rigidity of the processed cheeses, is to be expected
(Buiika et al., 2013; Nagyova et al., 2014).
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In the industry, the consistency of processed cheeses
regularly is assessed sensorially. However, the instru-
mental evaluation using small (e.g., dynamic oscilla-
tion rheometry) or large (e.g., texture profile analysis)
deformations or their combinations is increasing (Lee et
al., 2003; Kapoor and Metzger, 2008; Buika et al., 2013,
2014; Nagyova et al., 2014). Rheological parameters
measured in the area of small or large deformations are
given mainly by the microstructure of processed cheeses
and mutual bonds between the individual components
(especially the properties of the protein network and its
interactions with other components; Hosseini-Parvar et
al., 2015; da Silva et al., 2016). To explain the nature
of the current state of consistency, it is therefore useful
to have the data about the mechanical properties of
the processed cheese and also its microstructure. The
microstructure of processed cheeses may be studied by
several methods, the most common of which are optical
microscopy (Hladka et al., 2014; da Silva et al., 2016),
scanning electron microscopy (Kaldb and Modler, 1985;
Noronha et al., 2008; Cunha et al., 2010), transmis-
sion electron microscopy (Lee et al., 2003; Zhang et al.,
2011; Hoffmann and Schrader, 2015), and confocal laser
scanning microscopy (Hosseini-Parvar et al., 2015; Lee
et al., 2015).

Although the final parameters of processed cheeses
(especially DM, FDM, and fat-free DM content) affect
their consistency to a large extent, they have not been
given sufficient attention in the literature over the past
10 yr. One of the few studies, by Lee et al. (2015),
dealt with the effect of protein content (10-20% wt/
wt) and fat content (0-40% wt/wt) on the viscoelastic
properties of model samples of processed cheeses made
from rennet casein (melting temperature = 85°C) and
stored for 24 h. With the increasing protein content
and decreasing fat content (constant protein-to-water
content, variable DM content), the rigidity of the pro-
cessed cheeses increased. A more significant effect of
the protein content was observed compared with the fat
content. The conclusions of the study were supported
by the results of confocal laser scanning microscopy.

Guinee and O’Callaghan (2013) used processed
cheeses made from cheddar and skim milk cheese (melt-
ing temperature = 80°C) with a fat content of 14 to
33% (wt/wt), protein content of 12 to 25% (wt/wt),
and constant DM content of 46 to 47% (wt/wt) stored
for a maximum of 4 d. With the increasing fat content
(and decreasing protein-to-fat ratio), the rigidity of
the samples declined. Dimitreli and Thomareis (2004,
2007, 2008) studied the viscosity and the textural and
viscoelastic properties of processed cheeses made from
Gouda (melting temperature = 80°C) with a different
DM (38-62% wt/wt), protein (11-30% wt/wt), and
fat (12-23% wt/wt) content stored for 24 h. With the
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decreasing DM and protein content and the increasing
fat content, the rigidity of the model samples declined.
Some of the other few studies dealing with the effect
of the content components on the consistency of pro-
cessed cheeses were published by Bayarri et al. (2012)
and Chatziantoniou et al. (2015). In both of the studies
(specific processed cheeses made from whey Myzithra-
type cheese and the samples obtained from the retail
network), the rigidity of the samples increased with the
decreasing FDM content. None of the studies mentioned
in this paragraph used any of the microscopic methods
to explain the changes in consistency.

The aim of this work was to examine the effect of a
different DM content (35 and 45% wt/wt) and FDM
content (40 and 50% wt/wt) on the textural and vis-
coelastic properties and microstructure of model pro-
cessed cheeses made from real ingredients regularly used
in the dairy industry. A similar objective was already
fulfilled in some of the previously mentioned studies.
However, none of the published works took advantage
of the rheological methods, using both large and small
deformations in combination with scanning electron
microscopy (which helps to explain the processes going
on during the manufacture and storage of processed
cheese), to describe the properties of the samples. A
constant DM content and constant FDM content were
kept throughout the whole study. These 2 parameters
were variable in most previously published works. Most
of the studies published in this area used model samples
stored for only 24 h or for a maximum of 4 d at a cold
storage temperature. This work uses processed cheeses
stored for 14 d at 6 4+ 2°C. Within this time, the most
intensive changes in consistency occur during the stor-
age period. In most producers, processed cheeses are
dispatched after 10 to 14 d when the almost-final con-
sistency of the product is already known. The samples
with 40 and 50% (wt/wt) FDM content and 45% (wt/
wt) DM content are “spreadable processed cheese” ac-
cording to the standards of Codex Alimentarius (1978).
The samples with lower DM content (35% wt/wt) and
both FDM contents (40 and 50% wt/wt) correspond
to products that are available in the region of Middle
Europe.

MATERIALS AND METHODS
Preparation of the Samples

Dutch-type cheese (50% wt/wt DM content and 30%
wt/wt FDM content), butter (84% wt/wt DM content
and 82% wt/wt fat content), water, and emulsifying
salts (the total concentration was 2.9% wt/wt of the
total weight of the melt; the composition of the emulsi-
fying salt mixture was 35% relative NaH,PO,, 20% rela-
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Table 1. Formulation of the processed cheese samples with different DM content (% wt/wt) and fat in DM

(FDM) content (% wt/wt)

35% DM

45% DM

Raw material 40% FDM

50% FDM

40% FDM 50% FDM

Dutch-type cheese (g) 785
Butter (g) 110
Emulsifying salts (g) 45
Water (g) 600
Total (g) 1,540

636 1,050 847
208 135 260
45 45 45
665 315 398
1,554 1,545 1,550

tive Na,HPO,, 25% relative Na,P,0;, and 20% relative
sodium salt of polyphosphate; total weight = 100%)
were used for manufacturing 4 model processed cheeses
with 35 and 45% (wt/wt) DM content and 40 and 50%
(wt/wt) FDM content, respectively. The formulations
for manufacturing the model samples are shown in Ta-
ble 1. A Stephan UMC-5 (Stephan Machinery GmbH,
Hameln, Germany; indirect heating tool) was used for
the manufacture of the samples. A target temperature
of 86°C was held for 1 min (agitation speed = 3,000
rpm). The hot melt was poured into polystyrene cups
and closed with aluminum lids. For the analysis of the
textural properties, polypropylene doses of cylindrical
shape (52 mm in diameter and 50 mm high) were used.
The processed cheeses were cooled and stored at 6 =+
2°C for 14 d. Each of the 4 model samples was produced
3 times.

Basic Chemical Analysis of the Model
Processed Cheeses

The DM content, fat content, and protein content
of the processed cheeses were determined according to
methods 5534 (ISO, 2004b), 1735 (ISO, 2004a), and
8968-1 (ISO, 2014), respectively. The FDM content
of the samples was calculated as fat content divided
by DM. The ash content was obtained according to
Cernd and Mergl (1971): The sample was incinerated at
550 4+ 5°C and the residue was weighed. Each method
was applied 3 times on 2 samples from every batch (3
repetitions x 3 batches x 2 samples; n = 18). The pH
values were measured at ambient temperature using a
glass-tip electrode of a pH meter (pH Spear, Eutech
Instruments, Oakton, Malaysia) by directly inserting
the spear into the processed cheese (n = 18).

Textural and Viscoelastic Properties of the Model
Processed Cheeses

The textural properties of the samples were evalu-
ated using a TA. XTplus texture analyzer (Stable Micro
Systems Ltd., Godalming, UK). Before measurement,
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the samples were tempered at 20°C. The texture analy-
ses were carried out by 2 sequential penetration events
(penetration depth = 10 mm, probe speed = 2 mm/s,
trigger force = 5 g) using a 20-mm (diameter) P20
stainless steel cylinder probe. The following textural
parameters were determined: hardness (the force need-
ed to attain a given deformation minus the maximum
force during the first penetration cycle; N), cohesive-
ness (the strength of the internal bonds of the cheese
minus the ratio of the positive force area of the second
peak to that of the first peak; unitless), and relative
adhesiveness (the relative strength of adhesiveness be-
tween the cheese and the probe surface minus the ratio
of the absolute value of the negative force area to the
positive force area of the first peak; unitless; Fiszman
and Damaésio, 2000; Breuil and Meullenet, 2001; Weise-
rova et al., 2011). Each batch was analyzed 3 times (3
repetitions x 3 batches; n = 9; each dose was used for
the textural analysis only once).

The viscoelastic properties of the model processed
cheeses were analyzed using a dynamic oscillatory shear
rheometer (RheoStress 1, Haake, Bremen, Germany)
with a plate-plate geometry (diameter = 35 mm, gap
= 1 mm) at a temperature of 20.0 £ 0.1°C. All samples
were measured in the control shear stress mode at a fre-
quency ranging from 0.01 to 100.00 Hz. The amplitude
of shear stress (20 Pa) was chosen in the region of linear
viscoelasticity. The exposed edge of the parallel-plates
geometry was covered with a thin layer of silicone oil
to prevent the samples from dehydrating. The selected
monitored parameters (determined as a function of
frequency) included the storage modulus (G') and loss
modulus (G"; n = 9; 3 repetitions x 3 batches). The
loss tangent (tan §) was calculated as tan § = G"/G'.
The complex modulus (G*) was obtained using the
formula

GN)Z. [1]

The frequency of 1 Hz was chosen as the reference for
the presentation of tan § and G*. Winter’s critical gel
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theory was also implemented using the following equa-
tion (Gabriele et al., 2001):

e (u) =A; ~u1"/‘2, 2]

where Ay is the gel strength (Pa-s'?), w (Hz) is the
frequency, and z is the interaction factor (defined as the
number of structure units interacting with one another
in a 3-dimensional network; unitless). The higher the
interaction factor, the more interactions that occur in
the matrix of the sample (Gabriele et al., 2001).

Scanning Electron Microscopy of the Model
Processed Cheeses

A Jeol JSM-T401F scanning electron microscope
(Jeol, Tokyo, Japan) was used to study the microstruc-
ture of the model processed cheeses. The preparation of
the model processed cheese samples was as follows. Part
of the processed cheese sample (size = approximately 5
x 2 x 2 mm) was put in a 3% (vol/vol) glutaraldehyde
solution in 0.2 mol/L cacodylate buffer for 24 h. The
samples were washed in cacodylate buffer 3 times for
15 min. The postfixation was performed for 48 h in
2% (wt/vol) OsO,. The samples were washed again in
cacodylate buffer 3 times for 15 min. The samples were
dehydrated by solutions with an increased concentra-
tion of ethanol from 30 to 100%. Then the samples were
frozen and fractured in liquid nitrogen and defatted by
chloroform. The fragments of model processed cheeses
were critical point dried using carbon dioxide (Leica
EM CPD300, Leica Microsystems, Vienna, Austria).
The samples were mounted on an aluminum stem and
holder and sputter coated (Sputter Coater SCD 050,
Bal-tec, Balzers, Liechtenstein) for 98 s (20-nm layer
of gold; Kalab and Modler, 1985). The samples were
viewed using a Jeol JSM-7401F scanning electron mi-
croscope. Each image was analyzed using ImagelJ soft-
ware (National Institutes of Health, Bethesda, MD).
The photograph of each model sample was analyzed to
determine the fat globule diameter (pm). Each sample
was analyzed twice (2 repetitions x 2 samples x 3
batches; n = 12), and the results were expressed as
median + standard error.

Statistical Analysis

Kruskal-Wallis and Wilcoxon tests were used to
evaluate the results obtained (the significance level was
0.05) with the exception of the results of fat globule
diameter. For this parameter, the Pearson test was ap-
plied. For the estimation of Ay and z nonlinear regres-
sion analysis (the Marquardt-Levenberg method; A, >

4303

0 and z > 0) was used. Unistat 6.5 software (Unistat,
London, UK) was applied for the statistical analysis.

RESULTS AND DISCUSSION

The results of the chemical, rheological, and micro-
scopic analyses are summarized in Table 2. We man-
aged to produce model processed cheeses with minimal
deviations (P > 0.05) from the target values of DM
(35 and 45% wt/wt) and FDM (40 and 50% wt/wt).
As expected, the protein and ash content increased (P
< 0.05) with the increasing DM. On the contrary, with
the increasing FDM (at constant DM), the protein
content decreased (P < 0.05). In the samples with the
same FDM, a similar value of the ratio of protein to
fat (~1:0.85 and ~1:1.30, respectively) was maintained
(Table 2). In the samples with the same FDM, the ash
content did not change significantly (P > 0.05). The
pH value was higher in the samples with the higher
FDM (P < 0.05), whereas it was similar in the samples
with the same FDM (P > 0.05). The higher relative fat
content and lower relative protein content may have led
to the change in the acid dissociation constant (pK,)
of the chemicals present (Lu et al., 2008; Guinee and
O’Callaghan, 2013), and thus to a slight increase (~0.3
unit) in pH level. According to Lee and Klostermeyer
(2001) and Lu et al. (2008), a slight increase in the
pH value leads to higher rigidity of processed cheeses.
However, this shift (~0.3 unit) could be evaluated as
not so significant.

The textural analysis of the samples using the area
of large deformations of the material showed (Table
2) that with the increasing DM and decreasing FDM,
hardness of the samples increases (P < 0.05) and the
relative adhesiveness of the processed cheeses decreases
(P < 0.05). The cohesiveness of the samples was not
significantly affected by the DM and FDM levels used
(P> 0.05).

The course of the storage (G') and loss (G") moduli
depending on the frequency (0.01-100.00 Hz) is plotted
in Figure 1. The G’ and G" curves of the processed
cheeses are, within the range of frequency observed,
higher (P < 0.05; at constant FDM) in the products
with higher DM (Figure 1, parts C and D) compared
with the samples with a lower DM content (Figure 1,
parts A and B). Furthermore, the G' and G” curves in
processed cheeses with higher FDM (Figure 1, parts
B and D) were significantly lower (P < 0.05; at con-
stant DM) compared with the products with lower
FDM (Figure 1, parts A and C). The storage modulus
(G') reached higher values (P < 0.05) than the loss
modulus within the whole range of frequency tested in
the samples with higher DM (regardless of FDM). This
implies a significantly higher proportion of the storage
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component G’ compared with the loss component G”,
which is very typical of densely interlinked weak gels
(Lee and Klostermeyer, 2001; Cunha et al., 2013; Lee et
al., 2015). On the other hand, in the processed cheeses
with a lower DM content, higher values at a lower
frequency were reached by the loss modulus G” (P <
0.05). It is assumed that if G” > G’ (within a certain
range of lower applied frequency), the intermolecular
bonds in the protein matrix observed have sufficient
time to weaken during the oscillation cycle. However,
at higher frequency the system does not have sufficient
time to weaken the intermolecular bonds and it starts
to behave more like a solid (G" < G'), which is typi-
cal of concentrated solutions and dispersions (Lee and
Klostermeyer, 2001; Lee et al., 2015).

With the increasing frequency, intersection of both
curves was observed in the samples with lower DM,
and the values of G’ exceeded those of G" (Figure 1,
part A and B). The intersection point of the 2 curves
(G" and G") was observed at higher frequency in the
processed cheese with higher FDM. Within the range of
frequency observed, the intersection of the storage and
loss moduli curves did not occur in the samples with
higher DM (Figure 1, part C and D). The intersection
of G" and G” may have been expected at much lower
frequency than observed in our case. The results of the
development of G" and G” depending on frequency can
be supported by the obtained values of the complex
modulus (G*) and the tangent of the phase shift angle
(tan §) for the reference frequency f = 1 Hz (Table
2). With the increasing DM (at constant FDM) and
decreasing FDM (at constant DM), G* was increasing
and tan § was decreasing (P < 0.05).

As it follows from these findings, a higher DM con-
tent and lower FDM content resulted in obtaining a
stronger gel and thus a product with a tougher and less
spreadable consistency. The stated information can also
be supported by the calculated values of the Ay and z
parameters (Table 2). With the increasing DM (at con-
stant FDM) and the decreasing FDM (at constant DM),
the gel strength (Ap P < 0.05) of the model processed
cheeses increased significantly (P < 0.05) along with
the interaction factor (z; P < 0.05), which refers to the
number of structural units mutually interacting in the
protein network or the number of intermolecular bonds
between proteins. The increasing gel strength was likely
attributable to the increasing number of interactions in
the 3-dimensional system studied (Cunaa et al., 2013;
Guinee and O’Callaghan, 2013; Lee et al., 2015).

Apart from the values of the gel strength A; and
z factors, the results of dynamic oscillation rheometry
can also be supported by the microstructure study of
the model processed cheeses. The microstructure of
the individual types of the model processed cheeses is
presented in Figure 2, and the results of the calculation
of the median diameter of the fat globules are shown
in Table 2.

As it follows from the microphotographs (Figure
2) and the numerical calculation in Table 2, with the
increasing FDM (at constant DM), the diameter of
the fat globules increases (P < 0.05) and the ratio of
protein to fat decreases. In the model processed cheeses
studied, the ratio of proteins to fat was approximately
1:0.85 in the products with 40% (wt/wt) FDM and
approximately 1:1.30 in the products with 50% (wt/wt)
FDM. Proteins (caseins) are the main emulsifier in this

Table 2. Results of the analysis of the processed cheese samples with different DM content and fat in DM (FDM) content (% wt/wt)

35% DM 45% DM
Parameter 40% FDM 50% FDM 40% FDM 50% FDM
DM content' (% wt/wt) 35.18 + 0.13" 35.09 + 0.22" 45.16 + 0.27" 45.21 + 0.21
Fat content' (% wt/wt) 14.2 + 0.4 17.5 £ 0.2 18.3 + 0.5° 22.5 + 0.4%
FDM content, calculated (% wt/wt) 40.3 49.9 40.5 49.8
Protein content' (% wt/wt) 16.4 + 0.5" 13.6 + 0.2 22.1 + 0.6 17.6 £ 0.3
Ash content' (% wt/wt) 3.99 + 0.15" 3.83 + 0.26" 517 + 0.21" 4.99 + 0.19"
pH value 5.77 + 0.04" 6.05 + 0.03" 5.74 £ 0.02* 5.97 £ 0.03"
Protein-to-fat ratio, calculated 1:0.87 1:1.29 1:0.82 1:1.28
Protein-to-moisture ratio, calculated 1:3.95 1:4.77 1:2.48 1:3.11
Hardness' (N) 6.04 + 0.35" 1.53 £ 0.10" 66.98 + 1.99" 28.25 + 0.93°
Cohesiveness' (unitless) 0.60 + 0.02" 0.61 + 0.04" 0.62 + 0.06" 0.60 = 0.03*
Relative adhesiveness' (unitless) 0.42 £ 0.01° 0.54 + 0.02" 0.01 + 0.00" 0.07 + 0.01”
Fat globule diameter”® (um 1.53 =+ 0.13° 2.16 + 0.27¢ 0.44 + 0.03" 0.65 + 0.02"
Complex modulus in 1 Hz" (kPa) 48+0.3" 1.2+ 0.1° 55.9 + 2.2¢ 27.8 £ 1.3°
Loss tangent in 1 Hz' (unitless) 0.66 + 0.04° 1.14 + 0.07° 0.29 + 0.02* 0.37 £ 0.02"
Gel strength' (kPa-s'/") 4.7+£02 1.3 £ 0.0" 55.6 + 3.4 26.9 + 0.8
Interaction factor' (unitless) 3.01 + 0.16" 2.26 + 0.06" 5.14 + 0.22¢ 4.39 £ 0.19°

*Means within a row with different superscripts differ (P < 0.05).
"Mean + standard deviation.
*Mean =+ standard error.
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network. Their lower relative amount causes a lower
degree of emulsification, manifested as an increased
diameter of the fat globules. The larger fat globules
are then able to break the continuity of the protein
matrix much more intensively (softer, more spreadable
processed cheese) compared with a larger number of
smaller fat globules (tougher, less spreadable processed
cheese; Lee et al., 2003; Kapoor and Metzger, 2008;
Noronha et al., 2008). At constant FDM and increasing
DM (in this case, without the addition of ingredients
other than the natural cheeses), the amount of the
proteins that enhance the emulsifying ability of the
system increases, which was manifested as a decreased
diameter of the fat globules (P < 0.05; Table 2; Figure
2, parts C and D in comparison with parts A and B).
Similarly, Lee et al. (2015) demonstrated the effect of
the increasing concentration of protein on the decreas-
ing size of the fat globules in processed cheeses. The
higher relative protein content is able to cover a larger
area of the fat globules, thus allowing the formation of
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smaller fat globules and vice versa (Dalgleish, 1997). As
it follows from Figure 2B, the samples with the lowest
protein content (and with the smallest ratio of protein
to moisture at the same time; Table 2) showed partial
coalescence of fat, which is evident in the formation of
larger fat globules with a less regular spherical shape.
Similar conclusions in the samples with the highest
relative fat content were also reached in the study by
Lee et al. (2015). Moreover, it can be assumed that a
higher number of structural units of caseins will also
form a denser protein network and that the number of
interactions between the individual protein chains will
increase (Lee et al., 2003). The latter is supported by a
more compact network (which is particularly apparent
in Figure 2C). This assumption is strongly supported
by the values of the gel strength A, and the interaction
factor z observed in the processed cheeses studied. Ad-
ditionally, higher viscosity of hot melt (in cheese with
higher DM and protein content) could result in more
shear (during manufacturing) and contribute to changes
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Figure 1. Dependence of the storage (G'; Pa; solid symbols) and loss (G”; Pa; open symbols) moduli of the model processed cheese on fre-
quency (f; Hz). (A) Samples with 35% (wt/wt) DM content and 40% (wt/wt) fat in DM content. (B) Samples with 35% (wt/wt) DM content
and 50% (wt/wt) fat in DM content. (C) Samples with 45% (wt/wt) DM content and 40% (wt/wt) fat in DM content. (D) Samples with 45%

(wt/wt) DM content and 50% (wt/wt) fat in DM content.
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Figure 2. Scanning electron microscopy images of the model processed cheese (scale bars represent 1 pm; 5,000 magnification). (A) Samples
with 35% (wt/wt) DM content and 40% (wt/wt) fat in DM content; (B) samples with 35% (wt/wt) DM content and 50% (wt/wt) fat in DM
content; (C) samples with 45% (wt/wt) DM content and 40% (wt/wt) fat in DM content; (D) samples with 45% (wt/wt) DM content and 50%

(wt/wt) fat in DM content.

in textural and viscoelastic properties of products and
decreasing of fat droplets (Yoon and McCarthy, 2003;
Zhu et al., 2015).

CONCLUSIONS

This work examined the effect of different DM con-
tents (35 and 45% wt/wt) and FDM contents (40 and
50% wt/wt) on the textural and viscoelastic properties
and microstructure of model processed cheeses made
from real ingredients regularly used in the dairy in-
dustry. Apart from the basic chemical parameters, tex-
tural and viscoelastic properties of the model samples
were measured and scanning electron microscopy was
carried out. With increasing DM content, the rigidity

Journal of Dairy Science Vol. 100 No. 6, 2017

of the products increased and thus the size of the fat
globules in the model samples of the processed cheeses
decreased. With increasing FDM content, the rigidity
of the processed cheeses decreased and the size of the
fat globules increased. Further studies will be necessary
to obtain better insight into the effect of the protein
content on the properties of processed cheeses.
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The objective of this study was to determine the effect of different melt holding time (0-20 min) at a melting
temperature of 90 °C on the viscoelastic properties of full-fat (fat content in dry matter 50 g/100 g, dry matter
content 35 g/100 g) processed cheeses over the course of a sixty-day storage period (6 * 2 °C). Three various
agitation speeds (1000; 1500 and 3000 rounds per min) were used. For all three monitored agitation speeds,
there was a significant decrease in the firmness of the processed cheeses in the first 3 min of the holding time.
The subsequent extension of the melt holding time (up to 20 min) led to the significant increase the product

firmness. Over the course of a sixty-day storage period, the firmness of all the monitored processed cheeses
increased. Samples produced at 3000 rpm were significantly more solid in comparison with processed cheeses
produced at lower agitation speeds (1000 and 1500 rpm).

1. Introduction

The consistency of processed cheeses can be affected by many fac-
tors, which can be divided into three main groups: (i) composition of
the final product (dry matter, fat, protein and lactose content, use of
hydrocolloids, emulsifiers, etc.); (ii) process parameters during pro-
duction (in particular mixing speed, melting temperature, holding time
at the melting temperature, cooling rate); and (iii) conditions during
storage  (in  particular  storage temperature and  time)
(Kapoor & Metzger, 2008). The effects of process parameters on the
rheological properties of processed cheeses was examined in several
works published in the last 20 years (e. g. Sutheerawattananonda,

Fulcher, Martin, & Bastian, 1997; Bowland & Foegeding, 1999;
Swenson, Wendorff, & Lindsay, 2000; Lee, Buwalda, Euston,
Foegeding, & McKenna, 2003; Noronha, ORiordan, & O Sullivan,

2008). Unfortunately, the studies on which these works are based were
conducted under varying conditions (e.g. different melting tempera-
tures, holding times, agitation speeds, storage periods, etc.), which
makes it very difficult to compare them. In addition, the conclusions
reached by the authors were often contradictory.

In recent years, other works have been published which attempt to
contribute to the clarification of, in particular, the role of agitation
speed and holding time at a given melting temperature on the con-
sistency of the resulting processed cheese (Shirashoji, Aoyai,
Jaeggi, & Lucey, 2016; Cernikovd et al., 2017a). The conclusion drawn
as a result of the studies conducted for both these works was the same,
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namely that when the holding time at the given melting temperature is
extended, the firmness of the processed cheeses increases. From the
article by Cernikova et al. (2017a), it can be assumed that this trend is
not linear. Furthermore, it was demonstrated that the effect of agitation
speed on the consistency of the product is not clear, and depends sig-
nificantly on the holding time. During short holding times (up to
3 min), processed cheeses produced at lower agitation speeds
(1000 rpm) were more solid than those products produced at higher
speeds (1500 and 3000 rpm). However, as the holding time was ex-
tended, this trend changed significantly. The study by Cernikova et al.
(2017a) was performed on model samples with 35 g/100 g dry matter
content and 40 g/100 g fat in dry matter. However, full-fat products
with a significantly higher fat content are also commonly produced. The
question therefore remains whether the trends observed in Cernikova
et al. (2017a) also apply to full-fat processed cheeses.

The objective of this study was to determine the effect of changes in
the holding time (0-20 min) at a melting temperature of 90 °C, and at
various agitation speeds (1,000, 1500 and 3000 rpm), on the viscoe-
lastic properties of full-fat (50 g/100 g fat in dry matter) model pro-
cessed cheeses over the course of a sixty-day storage period. The second
aim of this study was to compare the recent results with the work of
Cernikové et al. (2017a), in which samples with lower fat in dry matter
content were used. Therefore, all samples types (with different holding
times, agitatioin speeds and storage times) which were manufactured in
publication of Cernikové et al. (2017a) were repeated with the fat in
dry matter content of 50 g/100 g.
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2. Material and methods

Processed cheese (PC) samples with 35 g/100 g dry matter content
and 50 g/100 g fat in dry matter content (FDM) were produced under
the conditions described in Cernikovd et al. (2017a), including raw
materials, processing protocol, cooling and storage (6 = 2 °C). A target
temperature of 90 °C (the time for achieving the target temperature
varied between 10 and 11 min) was held for 0, 1, 3, 5, 7, 9, 11, 13, 15,
17 and 20 min (11 holding times) and agitation was set at 1,000, 1500
and 3000 rpm (3 agitation speeds). Each PC was produced three times.
In total, 99 lots were produced (11 holding times X 3 agitation
speeds x 3 repetitions). The analyses were performed on the 1std (24 h
after production), and the 14th, 30th and 60th d of storage.

The dry matter content and the fat content of the PC samples was
determined gravimetrically according to ISO 5534 (2004) and ISO 1735
(2004), respectively. The pH values were measured at ambient tem-
perature using the glass tip electrode of a pH meter (pHSpear, Eutech
Instruments, Oakton, Malaysia). The spear was directly inserted into the
PC samples in three randomly selected spots (in each package). The pH-
values were measured at laboratory temperature of 20-22 °C. The
samples were tempered 4 h under laboratory temperature and the final
temperature were controlled by the thermometer.

The rheological analysis of the PC samples was performed using a
dynamic oscillatory shear rheometer (RheoStress 1, HAAKE, Bremen,
Germany) with a plate-plate geometry (diameter 35 mm; gap 1 mm) at
20.0 = 0.1 °C. Storage (G") and loss (G”) moduli (determined as a
frequency function ranging from 0.1 to 10.0 Hz; data not shown) were
monitored (shear stress amplitude 1 Pa). For presentation, complex
modulus (G*) at the reference frequency 1 Hz was calculated.

Kruskal-Wallis and Wilcoxon tests were used in order to evaluate
the obtained results (the significance level was 0.05). Unistat”™ 6.5
software (Unistat, London, UK) was used for the statistical analysis.

3. Results and discussion

During storage, the dry matter content and fat content of the in-
dividual processed cheeses were within a range of 35.96-36.41 g/100 g
(P = 0.05) and 17.90-18.24 g/100 g (P = 0.05), respectively. The
aforementioned data indicates that comparable processed cheeses were
produced, and the dry matter and fat content were under control. The
pH value after 1 d storage was 6.12-6.19 (P = 0.05), decreasing
slightly by 0.1-0.2 (P < 0.05) over the course of the sixty-day storage
period. This phenomenon was also observed in a number of other
works, for example Kapoor and Metzger (2008) and Cernikové et al.
(2017a). The pH values are slightly higher than in the work by
Cernikovd et al. (2017a), in which the same materials, composition of
melting salts for the products and dry matter content were used, but
with a lower fat content. The explanation for this probably lies in the
change in the dissociation constants (pK,) of the substances present
such as salts and/or proteins and shorter peptides (Lu,
Shirashoji, & Lucey, 2008; Cernikova, Nebesérova, Salek,
Riha¢kova & Buiika, 2017b).

For all three monitored agitation speeds (1,000, 1500 and
3000 rpm), it was determined (Fig. 1) that, on the first d of storage, in
the first 3 min of the holding time at the melting temperature of 90 °C,
there was a significant (P < 0.05) decrease in the G* values for the
processed cheeses. The subsequent extension of the melt holding time
(up to 20 min) at the melting temperature of 90 °C, resulted in a sig-
nificant increase (P < 0.05) in the G* value. Fig. 1 clearly describes
that, over the course of the sixty-day storage period, the G* values for
the processed cheeses increased (P < 0.05). However, the trend de-
scribed above with regards to the dependence of G* value for the
processed cheeses on the melt holding time at the melting temperature
of 90 °C, remained preserved.

The increase in the G* values of the viscoelastic materials is con-
nected with the increasing firmness (gel strength and hardness observed
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as resistance to penetration) of the studied processed cheese (Cernikova
et al., 2017b). The identified decrease (in the first three minutes of
agitation) in the firmness of the processed cheeses (with 50 g/100 g
FDM) produced at agitation speeds of 1,000, 1500 and 3000 rpm, was
also observed in the work of Cernikové et al. (2017a) in the case of
identically produced products with a lower FDM content (40 g/100 g).
The explanation for this might be to the creation of a new protein
network, where fat is emulsified and proteins and/or peptides is hy-
drated by a water layer, requires a certain minimum amount of time for
the minimum desired interaction to take place (Lee et al., 2003;
Kapoor & Metzger, 2008). The increase in the firmness of the processed
cheeses with extended holding times at the melting temperature of
90 °C, was observed in this study for those samples with 50 g/100 g
FDM, as well as for those products with an FDM content of 40 g/100 g
(Cernikovi et al., 2017a). The explanation for this may be found both in
the decreasing size of the fat droplets, whilst the holding time is ex-
tended at the melting temperature (Sutheerawattananonda et al.,
1997), as well as in a complementary phenomenon, whereby greater
mechanical stress results in a more intensive solubilization and hy-
dratation of caseins (Bowland & Foegeding, 1999; Lee et al., 2003).

The process of the increasing firmness of processed cheeses during
storage is usually connected with the continuation of the changes in the
crystalline form of polymorphic milk fat, the decrease in pH of the
products during storage, the hydrolysis of polyphosphate melting salts,
or changes in the dissociations of the compounds present
(Kapoor & Metzger, 2008; Cernikovi et al., 2017a).

From Fig. 1, it follows that the firmness of most of processed cheeses
produced using an agitation speed of 1500 rpm was always the lowest
at all holding and storage time conditions in comparison with samples,
which were manufactured using an agitation speed 1000 or 3000 rpm
(P < 0.05). The G* values of the processed cheeses produced at
3000 rpm were always higher (P < 0.05) than for matching products
(same holding time and storage period) to which lower agitation speeds
were applied. In this study (for products with 50 g/100 g fat in dry
matter) and in the previous work (for products with 40 g/100 g fat in
dry matter) (Cernikovi et al., 2017a), very similar trends of dependece
of temperature maintainings on consistecy of model processed cheese
were observed for all tested holding times. In the cases of holding times
more than 9 min, Cernikova et al. (2017a) described that firmness of
model samples manufactured using 1500 rpm could be similar as pro-
cessed cheeses produced using 1000 rpm. On the other hand, in the
recent study, the most of samples made using 1000 rpm were firmer
than processed cheeses manufactured using 1500 rpm.

The higher the number of revolutions, the higher the firmness of the
final products. This also applied to the processed cheeses studied in the
work of Noronha et al. (2008). However, it should be noted that pro-
ducts were used with a different raw material composition, and that the
holding time was much shorter (approx. 2 min), and the agitation
speeds lower. Due to the more intensive mechanical stress, higher
agitation speeds, just like longer holding times at the melting tem-
perature, can lead to the greater hydration proteins present and fat
emulsification, thereby contributing to the increasing firmness of the
processed cheeses (Bowland & Foegeding, 1999; Lee et al., 2003;
Sutheerawattananonda et al., 1997). The aforementioned explanation is
fully applicable for the comparison of processed cheese consistency of
our products manufactured at 3000 rpm with consistency of samples
produced at 1000 rpm and 1500 rpm. On the other hand, the suitable
clarification of the firmness decrease of processed cheese produced
using revolutions of 1500 rpm in comparison with samples manu-
factured using revolutions of 1000 rpm is missing.

4. Conclusion
This study looked at the effect of the holding time at a given melting

temperature, and agitation speed, on the consistency of full-fat pro-
cessed cheeses. It was determined that, after an initial decrease in the
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firmness of the processed cheeses (during holding times of up to 3 min),
the firmness of the products increases significantly as the holding time
is extended at the melting temperature. As the storage period extended
to 60 d, the firmness of the processed cheeses also increased, regardless
of either the applied holding time at the melting temperature, or the
agitation speed.

Although the effect of extended holding times at the given melting
temperature on the consistency of semi-fat and full-fat processed
cheeses seems clear under the given conditions, this cannot be said of
the effect of agitation speed, which remains unclear and requires fur-
ther controlled studies and additional techniques (e. g. nuclear mag-
netic resonance spectroscopy, photocentrifugation, Rahman spectro-
scopy, microscopy techniques etc.).
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Fig. 1. Values of the complex modulus (G*; kPa) at the re-
ference frequency of 1 Hz of the processed cheese spreads
after 1 d (24 h; light grey), 14 d (black), 30 d (white) and
60 d (dark grey) of manufacturing using a different speed of
Stephan kettle (1000 rounds per minute — part A; 1500
rounds per minute — part B and 3000 rounds per minute —
- part C) and different times (0-20 min) of temperature
maintaining after holding a melting temperature of 90 °C.
The values were expressed as mean (column) =* standard
- deviation (bar) (n = 12).
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Spreadable processed cheese (SPC) with addition of rutin or quercetin (0.5 g/100 g) were prepared at
80 °C and 90 °C for 1, 5 and 10 min. The effect of melting temperature and holding time of melting
temperature on the quercetin/rutin retention, total phenolic content (TPC) and antioxidant capacity was
studied. It was found that quercetin levels significantly decreased with the increase of holding time
(P < 0.01) while rutin degradation was more affected by melting temperature (P < 0.01). An increase in

TPC values and a decrease in antioxidant capacity measured by ABTS assay with the increase in melting
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temperature were observed in SPC with quercetin. The addition of rutin or quercetin significantly de-
creases the gel strength of the SPC samples.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Spreadable processed cheese (SPC) is the multi-component
system traditionally made from a mixture of cheeses, fat, water
and emulsifying salts (sodium salts of phosphates, polyphosphates
or citrates). The mixture of ingredients is stirred and then melted in
temperatures ranged from 85 to 110 °C for a certain period of time
(usually between 1 and 5 min). The resulted hot mixture is poured
into the cups and cooled down below 8 °C (Kapoor & Metzger,
2008).

Processed cheeses are good source of proteins, fat, minerals and
vitamins in the diet (Bunka, Hrabe, & Kracmar, 2004). Although
various cheese types have been identified as a good source of
bioactive peptides (Korhonen, 2009), the fortification of cheeses
with bioactive components has increased in the recent years.
Incorporation of dried materials, extracts and essential oils of

* Corresponding author.
E-mail address: libor.cervenka@upce.cz (L. Cervenka).
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0023-6438/© 2017 Elsevier Ltd. All rights reserved.

medicinal herbs into cheeses resulted in improvement of nutri-
tional value and sensory attributes and decreased the deterioration
process of quality parameters in various cheeses (Mohamed &
Shalaby, 2016; Mohamed, Shalaby, & Gafour, 2016; Mehanna,
Hassan, El-Messery, & Mohamed, 2017; Santos, Shetty, Cecchini,
& da Silva Maglioranza, 2012). Polyphenols are the main com-
pounds of interest among plant-based materials and they are the
principal antioxidants in human diet. There are a limited number of
studies regarding the evaluation of the effect of individual phenolic
compounds on the antioxidant capacity of cheeses (Faion et al.,
2015; Han et al., 2011; Rashidinejad, Birch, Sun-Waterhouse, &
Everett, 2014; Stratulat et al., 2014). To the best of our knowledge,
SPC or their analogues were scarcely used as the basis for the
incorporation of bioactive substances, probably due to the high
temperature of processing. Carrot paste (Mohamed et al., 2016) and
apricot pulp (Mohamed & Shalaby, 2016) were used for the prep-
aration of processed cheese analogues. In a very recent study, the
preparation of functional processed cheese with addition of tomato
juice was described (Mehanna et al, 2017). However, authors
usually studied the nutritional characteristics of cheese samples in
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relation to the different amount of bioactive material. To the best of
our knowledge, there is no published data that describe the effect of
processing conditions on the functional characteristic of processed
cheese spreads.

Addition of bioactive compounds could affect not only the taste
but also the consistency of processed cheese (Kapoor & Metzger,
2008). On the other hand, the processing parameters such as the
agitation speed, melting temperature and holding time of the
melting temperature significantly affect the consistency of pro-
cessed cheese. The latter mentioned factors influence especially
intensity of fat emulsification and water hydration processes and
therefore the microstructure of processed cheese (Swenson,
Wendorff, & Lindsay, 2000; Cernikovd et al., 2017).

Quercetin (3,5,7-trihydroxy-2-(3,4-dihydroxyphenyl)-4H-chro-
men-4-one) and rutin (quercetin-3-rutinoside) are the dietary
flavonoids presented in plants. Both flavonoids are well-known for
their therapeutic potential in various diseases like cancer, coronary
artery, asthma and diabetes (D'Andrea, 2015). Due to the health-
promoting effects of quercetin and rutin, an increased interest
about their utilization in food systems has arisen (Cho & Lee, 2015;
Rodriguez-Mateos, Cifuentes-Gomez, George, & Spencer, 2014).

The aim of the present study was to observe the effect of pro-
cessing conditions (temperature and time) on the content of
quercetin and rutin, as well as other functional characteristics of
processed cheese spreads.

2. Materials and methods
2.1. Materials

All the solvents for extraction, LC-MS analysis and chemicals for
antioxidant assays were purchased from Sigma-Aldrich (Prague,
Czech Republic).

2.2. Processed cheese manufacturing

The composition of the raw materials is presented in Table 1 and
was designed to achieve final products with 37 g/100 g dry matter
content and 50 g/100 g fat in dry matter content. The total con-
centration of emulsifying salts was 2.3 g/100 g (the amount was
calculated on the total weight of the melt). Two additions of fla-
vonoids were applied for improving of functional properties of SPC/
rutin (contains rutin hydrate, > 94% purity) and SPC/quercetin
(contains quercetin hydrate powders, > 95% purity) at 0.5 g/100 g.
The amount of butter and water applied were adjusted due to the
above mentioned additions in order to maintain constant values of
dry matter and fat in dry matter contents respectively. Control
samples (without rutin or quercetin) were also produced.

For the laboratory manufacture of the model processed cheese
samples, an equipment Stephan UMC-5 (Stephan Machinery

Table 1
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GmbH, Halmen, Germany) with indirect heating was used. Firstly,
Eidam block cheese and butter were cut into small pieces (approx.
2 x 2 x 2. cm) and put into the kettle and minced for 30 s (1400 x g).
Subsequently, water, the mixture of emulsifying salts and butter,
rutin and/or quercetin were added into the blend. The total amount
of a batch was approximately 659—676 g. The mixture was heated
up at 80 °C and 90 °C at a constant agitation (1500 min~') and kept
for 1, 5 and 10 min at these temperatures. Finally, samples were
poured into 80 g polystyrene doses with sealable lids. The packed
samples were cooled down and stored (6 + 2) °C until the analyses
were performed. The addition of quercetin or rutin to the finished
SPC sample (control) was also performed in our laboratory in order
to assess the extraction efficiency. An appropriate amount of
quercetin or rutin (0.5 g/100 g) was added to 1.0 g of processed
cheese sample. The mixtures were vigorously stirred using stainless
steel spatula and left in refrigerator overnight.

2.3. The preparation of the extracts

A glass vial with plastic cap containing 1.0 g of SPC sample and
10.0 mL of extraction solvent was put into the ultrasound bath
Sonorex TK52 (Bandelin Electronic, Berlin, Germany) for 30 min.
According to PubChem database, XLogP3 (a liphophility index) and
TPSA (a polarity index) 1.5/128 and —1.3/266 for quercetin and
rutin, respectively, indicate that rutin is more hydrophilic. There-
fore, methanol and aqueous methanol (1:1) were used as the
extraction solvents for SPC with quercetin or rutin, respectively. A
clear supernatant was obtained after centrifugation at 1400 x g for
10 min (Vintrum NF400, Niive, Ankara, Turkey) followed by the
filtration using syringe polytetrafluoroethylene membrane filter
(pore diameter 0.45 pm, Labicom, Olomouc, Czech Republic). Two
extracts were prepared for each trial.

2.4. HPLC analysis of rutin and quercetin

Rutin and quercetin were analyzed using Agilent 1100 Series
(Agilent Technologies, Santa Clara, CA, USA) equipped with a qua-
ternary pump, a degasser, an autosampler, a thermostatted column
compartment, a UV and MS detector Agilent 1100 Series LC/MSD
Trap SL. A Gemini 5 pm C18 (150 x 3.0 mm) column was used
(Phenomenex®, Torrance, CA, USA). Mixture of deionized water
acidified with formic acid to pH 3.05 (0.21%, v/v) (solution A) and
acetonitrile (solution B) was used as mobile phase at gradient flow
rate 0.7 mL/min (formic acid: acetonitrile from 900: 100 mL: mL to
500: 500 mL: mL for 0—15 min). The analysis was performed at
40 °C and peaks of rutin and quercetin were detected at 360 nm.
Quantification was based on the separation of standard solutions of
quercetin and rutin dissolved in methanol at concentrations from 1
to 100 pg/mL. Peak area (Y) plotted against the concentration (c) of
rutin and quercetin gave the calibration equation Y = 2.26 x c+4.72

Formulation of the processed cheese samples with and without added antioxidants manufactured at different melting temperature and holding times.

Raw Producer Dry matter Fatin dry Control With rutin With quercetin
ial

materia content (g/100 g) matter content (g/100 g)

Edam cheese” Kromilk PLC, Kroméfiz, Czech Republic 50 30 300.0 300.0 300.0

Butter Madeta PLC, Ceské Budéjovice, Czech Republic 84 98 94.0 98.0 98.0

Water B3 — - 250.0 260.0 260.0

Emulsifying salts™ Fosfa PLC, Breclav-Postorna, Czech Republic >95 - 154 154 154

Rutin TCI Chemicals, Tokio, Japan >95 - - 33 -

Quercetin Sigma-Aldrich, Prague, Czech Republic >95 - - - 33

* Dutch-type semihard cheese, 8-week maturity.

** Composition of the mixture of emulsifying salts: monosodium dihydrogenphosphate (19% rel.; the ratio calculated on the total amount of emulsifying salts = 100%),
disodium hydrogenphosphate (37% rel.), tetrasodium diphosphate (22% rel.) and sodium salt of polyphosphate (22% rel.).
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(R?=0.998)and Y = 4.79 x c-2.88 (R? = 0.999), respectively. An ion
trap mass spectrometry detector with an ESI source was used to
confirm the presence of both flavonoids. ESI mass spectra were
measured in the range of m/z 200—1000 in negative-ion mode. The
concentration of both flavonoids was expressed in pg per g of
sample. Retention of flavonoids was calculated according to the
following equation:

R (%) = (flavonoid found (mg/g)/flavonoid added (mg/g)) x 100(1)

2.5. Determination of antioxidant activity of spreadable processed
cheese

The total phenolic assay (TPC) was adopted from Santos et al.
(2012). A reagent mixture containing extraction solvent instead of
the sample extract served as the blank. The results were expressed
as the amount of gallic acid per ml of extract.

The DPPH (2,2-diphenyl-1-picrylhydrazil) and ABTS (2,2'-
azino-bis-3-ethylbenzthiazoline-6-sulphonic acid) radical-
scavenging activity assays were adopted from the experimental
procedure of Misan et al. (2011). Both DPPHe and ABTSe™ scav-
enging activities I were calculated using the formula:

1(%) = (1 — A1/Ap) x 100 2)

where A is the absorbance of blank solution; A; is the absorbance
of radicals with sample extract. DPPHe and ABTSe" scavenging
activities I were then plotted against various concentration of
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid)
and the results were expressed as Trolox equivalent antioxidant
capacity (TEACpppy and TEACagrs) in pg Trolox/ml of the extract.
Each extract was examined in duplicate for its antioxidant activity.

2.6. Rheological properties

Rheological properties of model processed cheese were
measured according to Cernikova et al. (2017). Briefly, a dynamic
oscillatory shear rheometer (RheoStress 1, Haake, Bremen, Ger-
many) at 20.0 + 0.1 °C with a plate-plate geometry (diameter
35 mm, gap 1 mm) were used. The complex modulus (G*) at
reference frequency 1 Hz were calculated based on values of stor-
age (G') and loss (G") moduli:

G =/(G)? + (G)? (3)

With increasing values of the complex moduli (G*) of processed
cheese, the consistency become more rigid and the gel strength
rises (Cernikova et al., 2017).

2.7. Statistical analysis

The results represented the average means with standard de-
viation (SD) of repeated measurements (N = 4). Nonparametric
statistical methods were used in this study. Two-factor Kruskal-
Wallis analysis of variance (ANOVA) was applied in order to
determine the effect of melting temperature (factor A) and holding
time (factor B) on the content of flavonoids and antioxidant prop-
erties. Multiple comparison procedure among means was per-
formed using the Tukey's method. Spearman correlation
coefficients (r) were calculated to describe the mutual associations
between variables. All the statistical methods were done at the
probability level of P = 0.05 (Statistica CZ, StatSoft CR s.r.o., Prague).

3. Results and discussion

3.1. The effect of processing conditions on the content of quercetin
and rutin in processed cheese spreads

As can be seen from Fig. 1, both quercetin and rutin were suc-
cessfully extracted after manufacturing of processed cheese
spreads using pure and aqueous methanol (water: methanol, 1:1),
respectively. When quercetin or rutin were mixed with the finished
SPC sample (control), the extraction efficiency and subsequent LC
determination of quercetin and rutin exhibited 96.0 + 4.0 and
91.0 + 5.0% retention, respectively.

The concentration of quercetin ranged from 4.17 + 0.15 to
2.39 + 0.02 mg/g in SPC/quercetin samples. Significantly higher
content of quercetin was determined in SPC/quercetin samples
manufactured at 80 °C for 1 min (P < 0.01), and the lowest content
was obtained after thermal treatment at 90 °C for 10 min (P < 0.01).
Significant decrease of quercetin content with the increase of
holding time was observed at both melting temperatures. Extrac-
tion of SPC/rutin samples to aqueous methanol and subsequent
determination of rutin by LC-MS method resulted in its consider-
ably lower amount. Rutin levels ranged from 192 + 0.04 to
1.90 + 0.02 mg/g after manufacturing of processed cheese spreads
at 80 °C. A lower level of rutin was observed when SPC samples
were prepared at 90 °C showing significant differences within the
holding times. Both quercetin and rutin were considered as ther-
mally unstable compounds particularly in alkali conditions and in
the presence of oxygen in previous studies (Barnes, Foss, & Schug,
2013; Buchner, Krumbein, Rohn, & Kroh, 2006). After LC analysis,
only peaks corresponded to quercetin (tg = 11.33 min) and rutin
(tr = 7.31 min) were detected at 360 nm under the given experi-
mental conditions for all the SPC samples (Suppl. 1A, 1B). No
interference peaks occurred when control SPC sample was pro-
cessed. The LC/MS spectrum of quercetin peak showed two frag-
ment ions at m/z 300.9 and 600.3, the first corresponded to
quercetin molecule, the latter can indicate the presence of a dim-
mer (Suppl. 2). Quercetin dimmer was identified as a product of the
oxidation of quercetin molecule (Pham, Bortolazzo, & White, 2012).
Rutin peak gives only one fragment ion at m/z 609.1 (not shown).

459 a
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b
35 2 7] [JRutin
3.0 c
5 c r
D 2.5 = d
£ A A
T 2.0 A B
X5} C
5 15 N
S 151
1.0
0.5+
0.0 |
80/1 80/5 80/10 90/1 90/5 90/10

Fig. 1. The effect of processing temperature and time (80/1 means 80 °C for 1 min, 80/
2 means 80 °C for 5 min, etc.) on the quercetin (white column) and rutin (grey column)
levels extracted from processed cheese spread. Methanol and aqueous methanol
(water: methanol, 1:1) were used for extraction of quercetin and rutin, respectively.
Statistical differences in quercetin and rutin levels is indicated by different small and
capital letters, respectively (P < 0.05). Average mean + standard deviation (N = 4).
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Thermal degradation of quercetin and rutin was extensively stud-
ied by Buchner, Krumbein, Rohn & Kroh (2006) and Barnes et al.
(2013) using mass spectrometry techniques. In general, quercetin
was more stable at acidic pH, and the degradation rate increased
with the increase of pH and temperature. Barnes et al. (2013)
identified degradation products of quercetin after heating its so-
lution (pH 5.9) at 85 °C for >9.6 min. Their experimental conditions
are close to those used in our experimental procedure. The pH of
SPC samples have been measured in our study and ranged from
5.80 to 5.92. At the similar pH (5.0), rutin was found to be more
stable than quercetin during heating of aqueous solutions at 100 °C
for 300 min (Buchner, Krumbein, Rohn & Kroh, 2006). While the
results of thermal degradation studies of quercetin and rutin in
solution are consistent, contradictory conclusions have arisen from
the experiments on foodstuffs. For instance, quercetin remained
constant during the cooking of blueberry filling at 90 °C
(Rodriguez-Mateos et al., 2014) whereas decrease after steaming of
onion for > 10 min was reported (Harris, Brunton, Tiwari, &
Cummins, 2015). In a study of Vallverdi-Queralt, Regueiro, de
Alvarenga, Torrado, and Lamuela-Raventos (2014), quercetin
decreased more abruptly during the cooking of tomato sauce than
rutin. They explain the higher stability of rutin towards the
oxidation by the presence of the sugar moiety in the 3-hydroxy-
function at the C-ring, whereas in quercetin it remained unoccu-
pied. Quercetin seemed to be more stable during manufacturing of
processed cheese spread with clear pattern regarding the melting
temperature and holding time (see Fig. 1). The higher stability of
quercetin in our study is in agreement with the study of Vogrincic,
Timoracka, Melichacova, Vollmannova, and Kreft (2010) who found
quercetin more stable than rutin during the bread rising and baking
process. The low retention of rutin after manufacturing of SPC
sample can be explained by its interaction with 1-amino acids,
particularly with arginine or lysine via hydrophobic interactions.
The stability of such a molecular complex has increased with the
increase in temperature (Bicer & Ozdemir, 2014). The complexation
of rutin with protein was also described (Cui, Kong, Chen, Zhang, &
Hua, 2014). Since processed cheese is rich source of protein and
amino acids (Bunka et al., 2004), we may imply that such com-
plexes were formed during manufacturing of processed cheese
spreads and was not able to be extracted to aqueous methanol. In
addition, rutin was found to be unstable in aqueous solutions when
sonicated. This phenomenon is known as acoustic cavitation, and is
attributed to the formation of highly reactive hydroxyl radicals
during the passage of ultrasonic wave through the bubbles of water
(Chua, 2014). The degradation rate of rutin by hydroxyl radicals was
dependant on the temperature of extraction, liquid height, ultra-
sound intensity and pulse length. The sonication process during the
extraction of rutin from SPC samples was found to be acceptable for
our purposes since it gave high retention of rutin (91.0 + 5.0%).

3.2. Antioxidant properties of processed cheese spread

Folin-Ciocalteatis assay was used to determine the total
phenolic content (TPC) of SPC samples. Prior to analysis of SPC
samples containing flavonoids, the control samples (without
addition of quercetin and rutin) at each processing condition were
screened for the TPC (Suppl. 3). As can be seen, TPC values ranged
from 58.2 + 0.5 to 65.7 + 0.5 pg gallic acid/ml when extracted to
methanol and from 27.2 + 1.9 to 41.6 + 1. pg gallic acid/ml, when
extracted to aqueous methanol. FC assay was primarily designed for
the determination of amino acid tyrosine containing phenol group
(Apak, Ozyorek, Giiclii, & Capanoglu, 2016). The amount of this
amino acid in processed cheese spread was estimated in the range
from 10.8 to 5.9 g/kg in the study of Bunka, Kriz, Velickova,
Bunkova, and Kracmar (2009), therefore we may assume that it

may also react with the FC reagent in our study. Antioxidant
properties were measured in terms of DPPH and ABTS assays,
however only latter gave positive results with the extracts of con-
trol SPC samples (Suppl. 3). The antioxidant properties of cheese
was previously attributed to the content of bioactive peptides
(Meira et al., 2012) and free amino acids, mainly tyrosine, methi-
onine and tryptophan (Bottesini et al., 2013). The corresponded
TEACagTs values for control SPC samples were in the range from
68.4 + 3.0 to 78.0 + 4.7 ug Trolox/ml of methanol extract and from
47.0 + 0.4 to 76.4 + 4.2 pg Trolox/ml when extracted to aqueous
methanol. In order to evaluate the effect of quercetin or rutin
content on the antioxidant activity of SPC samples, the results of
TPC and ABTS assays were corrected for corresponded values ob-
tained in control SPC samples.

The TPC values for the extract of SPC/quercetin were determined
in the range from 251.7 + 0.5 to 263.2 + 0.5 pg gallic acid/ml at 80 °C
and from 285.8 + 0.2 to 318.6 + 1.4 pg gallic acid/ml at 90 °C
(Table 2). Antioxidant properties of SPC/quercetin extract measured
in terms of DPPH assay showed increasing values of TEACpppy from
157.4 + 19.7 to 263.5 + 19.7 pg Trolox/ml at 80 °C with the increase
in time. On the other hand, a decrease of TEACpppy values from
329.9 + 30.7 to 216.0 + 15.8 pg Trolox/ml with the increase of
processing time at 90 °C was examined. Concerning the results of
ABTSe " assay, slight increase in TEACpgts values was observed with
the increase of processing time from 5.0 to 10.0 min at each
temperature.

TPC values for SPC/rutin extracted to aqueous methanol were
shown in Table 2. The decrease from 88.2 + 1.4 to 54.7 + 2.9 g gallic
acid/ml with the increase of time was observed in samples manu-
factured at 80 °C and the increase has occurred when the pro-
cessing time increased from 1.0 to 5.0 min at 90 °C (from 47.3 + 1.9
to 70.6 + 0.5 pg gallic acid/ml).

3.3. The results of Kruskal-Wallis ANOVA and correlation analysis

In order to determine the effect of melting temperature and
holding time, Kruskal-Wallis ANOVA procedure was applied to all
the variables. It is evident that both quercetin and rutin content
decreased with the increase in temperature and time (Table 3). The
degradation of quercetin was significantly enhanced by the
increasing of processing time (P < 0.01) than by the temperature.
On the contrary, temperature caused significant loss of rutin
(P < 0.01) than the increasing time. For SPC/rutin sample extracts,
both processing temperature and time did not significantly change
TPC and antioxidant capacities. Processing temperature signifi-
cantly affected the TPC (P < 0.01) and TEACagrs (P < 0.05) values in
SPC/quercetin samples, however increasing trend in TPC and
decreasing trend in TEACagrs values were obtained with the
elevated melting temperature. The processing time was not sig-
nificant factor. The Pearson's correlation coefficients as shown in
Table 4 were performed to elucidate the trend of association be-
tween quercetin and rutin contents, TPC and antioxidant capacities.
Quercetin content was weakly negative correlated with total
phenolic content and antioxidant capacity (DPPH and ABTS). Weak
positive correlation was observed between TPC and TEACpppy,
whereas negatively correlated with TEACpgrs (p = -—0.813;
P < 0.01). The increase of total phenolic content associated with the
decrease of antioxidant properties measured by ABTSe" assay was
explained by the hindrance of steric accessibility of phenolic groups
to the ABTSe" site, particularly in heterocyclic polymeric poly-
phenols (Apak et al., 2016). Similar results were obtained for me-
dicinal plant extracts of Saraca asoca (Ghatak et al., 2015) and
Centella asiatica (Chew et al., 2011). In addition, Buchner, Krumbein,
Rohn & Kroh (2006) reported the increase of antioxidant activity
even after the decrease of quercetin content in solution during
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Table 2
The effect of melting temperature and holding time on the antioxidant properties of processed cheese spread with 0.5 g/100 g of quercetin or rutin.
80°C 90 °C
1 min 5 min 10 min 1 min 5 min 10 min
Extracted to methanol
TPC %2517+ 0.5 263.2 £ 0.5 9255.1 1.4 3186 + 1.4 9305.4 + 1.0 285.8 + 0.2
TEACpppn 1574+ 19.7 242412 + 40 bef263.5 + 19.7 329.9 + 30.7 de327.6 + 1.0 24€216.0 + 15.8
TEACagrs 13524 +23.1 1346.1 + 3.4 14719 + 58.5 *1186.7 + 57.3 91226.3 + 14.3 013405 + 29.2
Extracted to aqueous methanol (1:1)
TPC 882+ 14 9764 + 05 547 +29 47319 470.6 + 0.5 €69.9 + 0.5
TEACpppH 9106.2 + 1.1 92.5 + 5.0 976 +3.3 747 +1.0 9.8 + 2.0 56.8 + 3.0
TEAChsrs 4756.1 + 148.0 %808.0 + 139.0 4780.0 + 4.3 47514 £ 9.2 4854.5 + 7.8 4802.6 + 18.0

Average mean + standard deviation (N = 4); TPC, total phenolic content (ug gallic acid/ml); TEACpppy, Trolox equivalent antioxidant capacity using 2,2-diphenyl-1-
picrylhydrazil assay (ug Trolox/ml); TEACagrs, Trolox equivalent antioxidant capacity using 2,2'- azino-bis-3-ethylbenzthiazoline-6-sulphonic acid assay (pg Trolox/ml);
significant difference between means in row is indicated by different small letters in superscript (P < 0.05).

Table 3

The results of Kruskal-Wallis ANOVA on the effect of melting temperature (T)
and holding time (t) on the quercetin and rutin contents, total phenolic con-
tent (TPC) and antioxidant capacity of processed cheese samples.

Parameter T t

Quercetin n.s. {
TPC ™ ns.
TEACpppy ns. n.s
TEACagrs i ns.
Rutin & n.s.
TPC ns. ns.
TEACpppn ns. n.s.
TEAChgrs ns. ns.

1, increasing trend; |, decreasing trend; P < 0.05; “'P < 0.01; n.s., not sig-
nificant (P > 0.05); TPC, total phenolic content (pg gallic acid/ml); TEACpppy,
Trolox equivalent antioxidant capacity using 2,2-diphenyl-1-picrylhydrazil
assay (pg Trolox/ml); TEACagrs, Trolox equivalent antioxidant capacity using
2,2'- azino-bis-3-ethylbenzthiazoline-6-sulphonic acid assay (pug Trolox/ml).

Table 4
Pearson's correlation coefficient between the content of quercetin, rutin, total
phenolic content (TPC) and antioxidant capacities in processed cheese samples.

TPC TEACpppH TEACagts
Quercetin —0.158 —0.030 -0.223
TPC 0.484 -0.813™
TEACpppH —0.147
Rutin 0.807"" 0.747" 0.123
TPC 0.622° 0.266
TEACpppn 0.014

‘P < 0.05; P < 0.01; TPC, total phenolic content (ug gallic acid/ml); TEACpppy,
Trolox equivalent antioxidant capacity using 2,2-diphenyl-1-picrylhydrazil assay
(ng Trolox/ml); TEACagrs, Trolox equivalent antioxidant capacity using 2,2'- azino-
bis-3-ethylbenzthiazoline-6-sulphonic acid assay (ug Trolox/ml).

Table 5

thermal treatment. They proved the formation of new substances
(degradation products) with higher antioxidant activity. Based on
our results and literature cited, we may hypothesize that new
compounds were formed during the manufacturing of SPC/quer-
cetin samples, which possessed antioxidant activity but were not
detectable under our experimental conditions. The effect of pro-
cessing time and temperature on both TEACpppy and TEACagTs
values of SPC/rutin sample extracts was not confirmed by Kruskal-
Wallis ANOVA (Table 3). Nevertheless, rutin content in SPC/rutin
samples positively correlated with the TPC values (r = 0.807;
P < 0.01) and TEACpppy values (r = 0.747; P < 0.01). TPC showed
strong positive correlation with TEACpppy (r = 0.622;
P < 0.05).These findings indicate that antioxidant properties of
processed cheese spread was influenced by the presence of rutin
molecule.

3.4. The results of rheological properties

The results of the complex modulus (G*, the meaning was
explained in part 2.6) of model processed cheeses manufactured
under different agitation and melting temperature were displayed
in Table 5. The values of G* significantly increased (P < 0.05) with
the increase of holding time. Elevated temperature of melting also
caused the increase of G* (P < 0.05). The higher levels of observed
processing parameters led to development of denser net structure
and therefore the model processed cheese became more rigid
(Cernikova et al., 2017).The addition of rutin or quercetin influ-
enced the consistency of model processed cheeses (P < 0.05;
Table 5). It could be hypothesed that the latter mentioned antiox-
idants could disrupt slightly the protein network. The effect of both
of added substances on rheological properties of samples were
practically similar (P > 0.05; Table 5).

Values of the complex modulus at the reference frequency of 1 Hz (G*; kPa) of the model processed cheese with and without added antioxidants manufactured at different

melting temperature and holding times.

Samples with Melting Holding time (min)
temperature (°C) 1 5 10
Control 80 3443 + 138 °A 6748 + 412 °B 9168 + 494 °C
90 4401 + 190 °A 8499 + 541 °B 12038 + 601 °C
Rutin 80 2829 + 126 °A 6481 + 358 °B 8338 + 330 °C
90 3945 + 216 °A 9014 + 368 *°B 11124 + 536 °C
Quercetin 80 2814 + 145 °A 6482 + 358 °B 9288 + 361 °C
90 3677 £ 177 "A 9404 + 521 "B 11055 + 585 °C

The values were expressed as mean + standard deviation (N = 4); significant difference between means in column is indicated by different superscript letters (P < 0.05); the

means within a row followed by capital letters differ (P < 0.05).
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4. Conclusions

Processed cheese spreads were not frequently used for the
development of functional food probably due to the adverse con-
ditions during manufacturing process. This paper describes the
effect of melting temperature and holding time on the content of
rutin and quercetin, and on the antioxidant properties of processed
cheese spread. The results showed that both flavonoids decreased
during the cheese processing. While quercetin content decreased
with the increase of holding time, rutin degradation was pro-
nounced at elevated processing temperature. Rutin content
affected the antioxidant capacity of processed cheese samples
showing strong positive correlation with total phenolic content and
DPPH scavenging activity whereas quercetin content did not
exhibit apparent association towards antioxidant capacity. Both
rutin and quercetin significantly decreased the gel strength of the
samples. We used chemical substances for the preparation of
functionalized processed cheese spread in order to facilitate the
experimental design and for subsequent interpretation of results.
For practical purposes, the addition of plant extracts rich in quer-
cetin/rutin or other polyphenolic substances should be further
examined. Processed cheese spread fortified with rutin or quercetin
has a potential to be a functional food and contribute to health
when it is consumed.
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The effect of different agitation speeds, various holding times of the melt and the storage period on the
consistency of model processed cheese spreads with 35% (w/w) dry matter content and 40% (w/w) fat in
dry matter content was examined. Viscoelastic properties of the samples, especially the storage (G') and
loss (G”) moduli within the frequency of 0.1-100.0 Hz were measured. The complex modulus (G*) was
calculated and Winter's critical gel theory was implemented to determine the values of the gel strength

(Ag) and the interaction factor (z). Within the first three minutes of the holding time, a continuous
decrease in firmness of the samples was observed. Subsequently, a steady increase in firmness of the
samples was measured from the third to the twentieth minute of holding time regardless of the speed of
agitation tested. All of the processed cheeses showed an increase in firmness over 60 days storage.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The basic raw materials for the production of traditional pro-
cessed cheeses (PC) are natural cheeses of Dutch- and Swiss-type;
in Anglo-American countries it is usually Cheddar. In areas of the
Near and Middle East “white cheeses” are also widely used. Other
dairy raw materials (e.g., butter, cream, anhydrous milk fat, curd,
milk powder, whey powder) and non-dairy raw materials (e.g.,
water, flavourings, hydrocolloids) as well as emulsifying salts
(especially sodium salts of phosphates, polyphosphates and cit-
rates) are added to this cheese base of different maturity stages.
Ingredients are usually heated under constant stirring at a tem-
perature of 90—110 °C until a homogenous mass of desired prop-
erties is formed (Kapoor & Metzger, 2008; Khetra, Chavhan,
Kanawjia, & Puri, 2015; Muslow, Jaros, & Rohm, 2007).

Consistency is one of the most important properties of PC and
can be affected by three groups of factors: (i) the composition of
the raw material mixture, (ii) processing parameters during

* Corresponding author. Tel.: +420 576 033 11.
E-mail address: bunka@ft.utb.cz (F. Bunka).

http://dx.doi.org/10.1016/j.idairyj.2016.11.007
0958-6946/© 2016 Elsevier Ltd. All rights reserved.

the production of PC (especially the speed of agitation, holding
time, the temperature reached during the melting process and
the rate of cooling), and (iii) the storage temperature and period
(Bayarri, Carbonell, & Costell, 2012; Dimitreli & Thomareis, 2004;
Kapoor & Metzger, 2008; Khetra et al., 2015; Muslow et al., 2007;
Schatz, Hoffmann, Schrader, & Maurer, 2014; Subramanian,
Muthukumarappan, & Gunasekaran, 2006).

The effect of the composition of the raw material mixture on the
rheological properties of PC has recently been studied very inten-
sively, e.g., (i) the effect of moisture/dry matter content, fat content
and protein content (Chatziantoniou, Thomareis, & Kontominas,
2015; Guinee & O'Callaghan, 2013; Lee, Klostermeyer, & Anema,
2015), (ii) different composition of emulsifying salts and their con-
centrations (Bunka et al., 2013; Hoffmann, Gartner, Liick, Johannsen,
& Maurer, 2012; Salek et al., 2015), (iii) maturity stages of the basic
raw material (Brickley, Auty, Piraino, & McSweeney, 2007; Bunka
et al, 2013; Salek et al., 2015), (iv) the hydrocolloids used and
their concentrations (Ciprysovd, Bunka, Pavlinek, Hudeckovda, &
Janis, 2013; Cernikova et al., 2008), and (v) the concentrations of
calcium and phosphate ions (Biswas, Muthukumarappan, Marella, &
Metzger, 2015).

However, in only a small number of studies have been devoted
to the effects of processing parameters during the production of
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processed cheeses. Moreover, the results were often contradictory.
The reason for the discrepancies in the results may lie in the fact
that the individual studies made use of different kinds of processed
cheeses (blocks and/or spreads, cheese imitations, etc.), different
raw materials and different composition of the ingredients
(different dry matter/fat content, etc.).

Swenson, Wendorff, and Lindsay (2000) studied the effect of
the holding time (0—20 min) of the melt at 75 °C and constant
agitation speed (the exact value of rpm was not presented) on the
final consistency of fat-free processed cheese spread. The authors
found that by extending holding time, firmness of the processed
cheeses was decreased significantly. Bowland and Foegeding
(1999) observed the effect of processing time (10, 20 and
30 min) of the raw material at 80 °C and constant agitation speed
on the consistency of processed cheese blocks; these authors
noted that the strength of the gel in the final product increased as
the processing time of the melt extends, unlike the results of
Swenson et al. (2000). Sutheerawattananonda, Fulcher, Martin,
and Bastian (1997), who studied the effect of the holding time
(0—15 min) of the melt at 65.5 °C on the distribution of fat globules
in processed cheese blocks, observed that within the first 5 min of
the holding time the fat globules decreased in size. However, a
further extension of the holding time did not have a significant
effect on the size of the fat globules. Lee, Buwalda, Euston,
Foegeding, and McKenna (2003) described the changes in viscos-
ity of the hot melt (~80 °C) dosed into a rotational viscometer
within a 50 min measurement. The composition of the raw ma-
terials for the preparation of the melt corresponded to processed
cheese blocks. Within the first 25 min, an increase in viscosity of
the hot melt was observed. After reaching the local maximum in
viscosity (~25 min), the viscosity of the hot melt started to
decrease gradually. However, the consistency of the final product
(cold processed cheese) was not studied.

Noronha, O'Riordan, and O'Sullivan (2008) focused on the effect
of different agitation speeds (100—1500 rpm) at a constant holding
time (~2 min) at 80 °C on the consistency of processed cheese block
imitations. Their results showed that with the increasing speed of
agitation, the firmness of the final product, its cohesiveness and the
storage modulus G’ increased while the size of the fat globules
decreased.

It follows from the above-mentioned list of studies published in
this area that a study focused on the effect of different agitation
speeds and various holding times on the consistency of processed
cheese spreads has not yet been published. Therefore, the purpose
of this study was to examine the effect of various holding times
(0—20 min) at a temperature of 90 °C, different agitation speeds
(1000, 1500 and 3000 rpm) and the time of storage (up to 60 d) on
the consistency of model processed cheese spreads with 35% (w/w)
dry matter content and 40% (w/w) fat in dry matter content. The
dependencies detected can be used to adjust the processing pa-
rameters in practical production in the processed cheese industry
as the whole study was performed under the same conditions (the
same raw material, the same production equipment and the same
parameters for measuring the individual indicators of consistency)
and thus the results are comparable.

2. Material and methods
2.1. Preparation of the samples

For the manufacture of the model PC samples with 35% (w/w)
dry matter content and 40% (w/w) fat in dry matter content, the
following materials were used: (i) Dutch-type cheese (50% (w/w),
dry matter content; 30% (w/w), fat in dry matter content: Kromilk,

a.s., Kromeériz, Czech Republic), butter (84%, w/w, dry matter con-
tent; 82%, w/w, fat content), water and emulsifying salts (the total
concentration was 2.7%, w/w, of the total weight of the melt; the
composition of the emulsifying salt mixture was: 18% NaH,POyq;
39% NapHPOy4; 21% NagP,07, 22% sodium salt of polyphosphate;
total weight, 100%).

A Stephan UMC-5 (Stephan Machinery GmbH, Halmen, Ger-
many) with indirect heating was employed for the manufacture of
the PC samples. The target temperature of 90 °C (the time for
achieving the target temperature varied between 10 and 11 min)
was held for 0, 1, 3, 5, 7, 9, 11, 13, 15, 17 and 20 min (11 holding
times) and the agitation was set at 1000, 1500 and 3000 rpm (3
agitation speeds). The hot melt was poured into polypropylene
containers of cylindrical shape (52 mm in diameter and 50 mm
high). The PC samples were cooled and stored at 6 + 2 °C until
analyses were performed. Each PC was produced three times — 99
lots in total were made (11 holding times x 3 agitation speeds x 3
repetitions). The analyses were initially performed 24 h after
manufacturing (1st day), then on the 14th, 30th and 60th days of
storage.

2.2. Basic chemical analysis of the PC samples

The dry matter content and the fat content of the PC samples
were determined according to ISO 5534 (ISO, 2005) and 1SO 1735
(ISO, 2004), respectively. The pH values were measured at ambient
temperature using a glass tip electrode of a pH-meter (pH Spear,
Eutech Instruments, Oakton, Malaysia) by direct insertion of the
spear into the PC samples at three randomly selected spots (in each
packaging).

2.3. Rheological analysis

Rheological analysis of the PC samples was performed using a
dynamic oscillatory shear rheometer (RheoStress 1, Haake, Bremen,
Germany) at 20.0 + 0.1 °C. Additionally, to describe the changes in
the viscoelastic properties of the solidified melt mass, a plate—plate
geometry (diameter 35 mm) was selected in dependence with
frequency (in the range 0.1-100.0 Hz) at 20.0 + 0.1 °C. The selected
monitored parameters included the storage (G’) and loss (G”)
moduli (determined as a function of frequency). The complex
modulus (G*) was calculated using the formula:

G =V(©@)?+(G)? (1)

Winter's critical gel theory was implemented to evaluate the
changes in the viscoelastic properties of the PC samples. According
to the following Eq. (2) the complex modulus (Gabriele, de Cindio,
& D’'Antona, 2001; Sadlikova et al., 2010; Winter & Chambon, 1986)
can be expressed as:

G (0) = Ap-w* )

where Ag is the strength of the gel (Pa-s”z) and z is the interaction
factor (defined as the number of structure units interacting with
one another in a three-dimensional network; unitless). The higher
the interaction factor, the more interactions occur in the matrix of
the sample (Gabriele et al., 2001; Sadlikova et al., 2010).

2.4. Statistical analysis

Kruskal-Wallis and Wilcoxon tests were used to evaluate the
results obtained (the significance level was 0.05). For the
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estimation of Ar and z, a non-linear regression analysis (the Mar-
quardt—Levenburg method; Ar > 0 and z > 0) was applied. Unistat®
6.5 software (Unistat, London, UK) was used for the statistical
analysis.

3. Results and discussion
3.1. Results of basic chemical analysis

Dry matter and fat content, which were determined in all
the model processed cheeses, ranged within the interval of
36.05—36.48% and 14.62—14.91% (w/w; P > 0.05; data not shown),
respectively, during a 60 d storage period. Similar values of
dry matter and fat contents are crucial to maintaining constant
conditions and objective monitoring of the factors studied
(Chatziantoniou et al., 2015; Dimitreli & Thomareis, 2004; Lee
et al,, 2015; Muslow et al, 2007). Also, the pH values of the
model samples were measured. On the first day of storage, the pH
values ranged within the interval of 5.92—6.01 (P > 0.05; data not
shown), which typically corresponds to the level of this parameter
in processed cheese spreads (Kapoor & Metzger, 2008; Muslow
et al., 2007; Salek et al., 2015). Within the 60 d storage period,
the pH value slightly decreased (P < 0.05) by 0.1-0.2 (data not
shown). This phenomenon could be explained by possible hydro-
lysis of diphosphates and polyphosphates during the storage
period as well as by possible changes in dissociation of the salts or
other compounds present (Awad, Abdel-Hamid, & El-Shabrawy,
2002; Dimitreli & Thomareis, 2009; Weiserova et al., 2011).

3.2. The effect of holding time on consistency of samples

Figs. 1A—F and 2A—E show the dependence of the storage (G')
and loss (G”) moduli of the model processed cheeses (manufac-
tured using the agitation speed of 1000—3000 rpm with the
holding time of 0—20 min and analysed after 1 d of storage at
6 + 2 °C) on frequency (f). On the basis of the values of G’ and G”,
the values of the complex modulus (G*; see Eq. (1)) for the

frequency of 1 Hz (Piska & Stétina, 2004) were also calculated
(shown in Table 1). Tables 2 and 3 show the results of the calculated
(see Eq. (2)) gel strength (Af) and interaction factor (z) of the model
processed cheeses as quantities describing the development of the
dependence of the complex modulus values (G*) on the range of the
frequencies measured (f; 0.1-100.0 Hz). According to Gabriel et al.
(2001), Piska and Stétina (2004), and Winter and Chambon (1986)
the increase in the values of G’, G”, G* and Ar is related to the rising
gel strength of the model samples of semi-solid materials including
foodstuffs.

The curves of the storage and loss moduli (G’ and G”) of the
processed cheeses made with the holding time of 1 min after 1 d of
storage at 6 °C (within the range of the oscillation frequencies
measured, i.e., 0.1-100.0 Hz) were lower (P < 0.05) in comparison
with the curves of the model samples that were packaged and
chilled immediately after reaching the melting temperature (90 °C)
(holding time of 0 min). This trend was observed at all the agitation
speeds tested (1000, 1500 and 3000 rpm; see Figs. 1 and 2). A
reduction in G’ and G” of the processed cheeses was accompanied
with a decrease in G* for the reference frequency of 1 Hz (Table 1;
the samples evaluated after 1 day of storage at 6 °C). The devel-
opment of the above-mentioned parameters as a result of including
the holding time of the melt of 1 min at 90 °C indicates weakening
and further disintegration of the protein network of the model
processed cheeses, which is supported by the detected decrease
(P < 0.05) in the gel strength (Af) and interaction factor (z) illus-
trated in Tables 2 and 3. When extending the holding time of the
melt (at 90 °C) to 3 min (still evaluating the samples after 1 d
storage at 6 °C) there was another slight weakening of the protein
matrix of the model samples (evaluated according to the decrease
in G/, G” and G*; P < 0.05; Figs. 1 and 2, Table 1) only at 3000 rpm.
This conclusion can also be supported by a decrease in the gel
strength of the model products (Af; P < 0.05; Table 2). When
comparing the processed cheeses manufactured with the holding
time of the melting temperature (90 °C) of 1 and 3 min, there was
not a significant difference between the agitation speeds of 1000
and 1500 (P > 0.05).

10° A+

Storage G” and Loss G** moduli (Pa)

10 100 0,1 1 10 100

Frequency (Hz)

Fig. 1. Dependence of the storage (G'; Pa, closed symbols) and loss (G”; Pa, open symbols) moduli of the model processed cheeses manufactured using a speed of 1000 (a.2), 1500
(*.%) and 3000 (m.00) revolutions per minute (rpm) at different times at temperature in the Stephan kettle on frequency (f; in range of 0.1-100.0 Hz). Panels A, B, C, D, E and F are,
respectively, maintaining for 0, 1, 3, 5, 7, and 9 min. The processed cheeses were measured 24 h after manufacturing at 6 + 2 °C.
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10° A+

10 L

Storage G” and Loss G*~ moduli (Pa)

01 1 10 100 041 1

10 100 01 1 10 100

Frequency (Hz)

Fig. 2. Dependence of the storage (G’; Pa, closed symbols) and loss (G'; Pa, open symbols) moduli of the model processed cheeses manufactured using a speed of 1000 (a.2), 1500
(%) and 3000 (m.00) revolutions per minute (rpm) at different times at temperature in the Stephan kettle on frequency (f; in range of 0.1-100.0 Hz). Panels A, B, C, D, and E are,
respectively, maintaining for 11,13, 15, 17, and 20 min. The processed cheeses were measured 24 h after manufacturing at 6 + 2 °C. Panel F shows the frequency dependence of the
storage (G'; closed symbols) and loss (G’; Pa, open symbols) moduli of the model processed cheeses manufactured using a speed of 1500 rpm for 3 min after 1 d (a.2), 14 d (% %),

30d (».>>) and 60 d (x.*) storage.

A further extension of the holding time of the melt at 90 °C
(above 3 min) revealed that the values of the curve showing the
dependence of G’ and G” moduli of the model samples on the range
of the oscillation frequencies measured (0.1-100.0 Hz) increased
significantly (P < 0.05) at all the agitation speeds observed (1000,
1500 and 3000 rpm; the samples evaluated after 1 d storage at 6 °C;
Figs. 1 and 2). At the same time, the values of G* of the processed
cheeses (for the reference frequency f = 1 Hz) rose significantly
with the extended holding time (within the range of 3—20 min;
Table 1) (P < 0.05). The continuous strengthening of the protein
matrix as a result of extending the holding time of the melt at a
temperature of (90 °C) up to 20 min is also indicated by an increase
in the gel strength (Af; P < 0.05) and rising values of the interaction
factor (z; P < 0.05) indicating more intensive internal bonds
(Tables 2 and 3).

After reaching the melting temperature, the “creaming” stage
of the processed cheeses occurs during which a new protein
network, with emulsified fat and hydrated water, is formed
(Kawasaki, 2008; Lee et al., 2003). A wide range of interactions is
involved in the process of creaming, e.g., calcium bridges, the
bridges of calcium-phosphate complexes (formed during the re-
actions of emulsifying salts and calcium ions), hydrogen bridges,
hydrophobic interactions, disulfide bridges, etc. (Kapoor &
Metzger, 2008; Muslow et al, 2007). According to Lee et al.
(2003) the creaming is mainly dependent on the interactions of
the proteins present and this process also occurs in matrices with
the absence of fat. However, Kawasaki (2008) adds that the water
and fat present (their absolute amounts and the size of the fat
particles) significantly affect the strength of the final protein
network.

Our study revealed that (except for the first minutes of the
holding time) with the extending stirring time, the strength and
coherence of the protein network rises and the final processed
cheese is more rigid. A similar trend was also observed in the studies
by Sutheerawattananonda et al. (1997) and Bowland and Foegeding
(1999). In comparison with the latter studies, our results were

obtained for a higher melting temperature (90 °C), which is closer to
typical melting temperatures employed in the industry (Kapoor &
Metzger, 2008; Muslow et al., 2007). Sutheerawattananonda et al.
(1997) explained the above-mentioned phenomena by a
decreasing size of the fat globules — a larger number of small fat
globules break the continuity of the protein matrix less intensively
in comparison with a smaller number of bigger fat globules. How-
ever, the above-mentioned authors also stated that the size reduc-
tion of the fat globules ceases within a few minutes. Therefore, apart
from the effect of the size reduction of the fat globules, other in-
teractions in the matrix can be expected with the extending holding
time. These interactions could include more intensive solubilisation
of caseins and hydration of the water present, i.e., processes which
are supported by more extensive mechanical stress (Bowland &
Foegeding, 1999; Lee et al.,, 2003).

3.3. The effect of storage period on consistency of samples

From Table 1, a significant (P < 0.05) increase in G* (for the
reference frequency f = 1 Hz) was observed in all the samples
during 60 d storage at 6 °C. The dependence of G’ and G” of the
processed cheeses on the range of the frequencies measured
(0.1-100.0 Hz) for the model products manufactured at 1500 rpm
with the holding time of 3 min is illustrated in Fig. 2F. An in-
crease in the values of G’ and G” with extended storage time (up
to 60 d) is evident in the above-mentioned graph (P < 0.05).
Slight strengthening of the protein matrix as a result of storing is
also supported by the rising values of gel strength (Af; P < 0.05)
and interaction factor (z; P < 0.05) during the storage period
(Tables 2 and 3). The explanation of this phenomenon may lie in
the interactions and processes which could be occurring during
the storage period of the processed cheeses, e.g., (i) poly-
morphism of milk fat and ongoing changes in its crystalline form,
(ii) a slight decrease in pH values of the processed cheeses (also
detected in our study — see above), (iii) possible hydrolysis of the
emulsifying salts (the diphosphates and polyphosphates used),
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Table 1

Values of the complex modulus (G*; kPa) at the reference frequency of 1 Hz of the
model processed cheese after 1,14 30 and 60 days of manufacturing using a different
speed of Stephan kettle and different temperature maintaining times after holding a
melting temperature of 90 °C.”

Table 2

Values of the gel strength (Ag; kPa s'/?) of the model processed cheese after 1,14, 30
and 60 days of manufacturing using a different speed of Stephan kettle and different
times of temperature maintaining after holding a melting temperature of 90 °C.*

Maintaining  Days of storage

time (d) 1 14 30 60

1000 rpm knife speed

5.6 + 0.2, 7.1 +0.3%, 86+ 04>, 89+ 04>,

1 40+02%,  70+02%  70+02% 7304
3 39+02%,  73+03%  79+03",  81%04",
5 54+ 0.3":, 83+ 0.3"“; 89 + 0.3“5daB 94 + 0.5‘%c
7 7.6 + 04N 120 +04%. 126+ 05% 144 +08%,
9 8.0 + 0.4, 129 +04%, 133 +05%, 16,0 + 0.8,
1 99+05%,  142+06% 145+ 06%, 184+07C,
13 101 £04%, 149 +05%, 191£07% 192+1.1,
15 164 +05%,  205+09®%, 208+06%%, 299408,
17 193 £07%, 224+08%, 267+08", 300+1.1%%
20 216+ 064, 243+11%, 255+1.0", 324 08",

1500 rpm knife speed
0 45+02",  70+03%  79+03%,  81103",
1 35+01%,  541+02%,  56+02%  58+03%,
3 35+02%,  65+03",  79+04%,  87+04",
5 6.3 + 0.2%, 9.1 + 0.5, 11.8 £ 0.6 123 + 0.6
7 6.6 + 0.2, 107 £03%%, 117 £06%, 124+ 05,
9 6.8 +03%A, 108 +04%, 11.8+05%, 137104,
11 73 +03%A, 109 +04%, 132107, 141+05%,
13 78 + 03“‘:,, 129 +05%, 151+ 046;2 157 + O.G:C,,
15 127 +06%,  192+06%%, 195+07%, 21.1+06%
17 165 +04%, 201 £08%, 21.0+08%®, 24.0+09%,
20 199 £05™, 27007, 288+1.0", 321+13",

3000 rpm knife speed
0 41+02%,  59+03%, 78:03C,  95+05%,
1 36+02°,  47+03%,  49:02%,  73103%
3 31+01%,  46+02%, 65+02°, 8604,
5 54+03%, 90+03%, 10.7 +05%, 116 + 0.6,
7 5.4 +02%%, 9.5 + 0.3%, 11.0 £ 069, 117 + 049,
9 68+03%,  128+05%, 139107 169+08%,
1 70+04%,  129+06%, 157+09C, 182+077,
13 122 £05% 168 £07%  21.9+09% 268+ 1.0
15 207 + 1.0 236+07% 246+ 07", 275 145,
17 247 £09". 289+ 1.1%%  291:13% 370+ 17"
20 418+ 16" 432+11".  51.0+13 552 +259,

@ Values are means + standard deviation (n = 12). Within a set of data at the same
knife speed, means within a column followed by different superscript letters differ
significantly (P < 0.05). Means within a row followed by superscript uppercase
letters differ significantly (P < 0.05). At different knife speeds but at the same
maintaining time, means within a column followed by different subscript letters
differ significantly (P < 0.05).

and (iv) possible changes in dissociation of the salts or other
compounds present (Awad et al., 2002; Dimitreli & Thomareis,
2009; Muslow et al., 2007; Nagyova et al., 2014; Shirashoji,
Jaeggi, & Lucey, 2010; Weiserova et al., 2011). However, the
general trends in the dependence of viscoelastic parameters of
the model processed cheeses on the holding time of the melt at a
melting temperature of 90 °C during 60 days storage were not
affected in any way.

3.4. The effect of agitation speed on consistency of samples

The trend in the development of the observed viscoelastic pa-
rameters (Figs. 1 and 2 for the 1st day of storage and Tables 13 for
the whole storage period) of the processed cheese spreads on the
agitation speed (1000, 1500 and 3000 rpm) was changed
depending on the holding time of the melt at the temperature of
90 °C. In the absence of the holding time of the melt (0 min) or ata
short holding time (1 or 3 min), the processed cheeses manufac-
tured using the agitation speed of 1000 rpm were firmer for most
of the storage period (except for the 60th day) especially in

Days of storage

time (d) 1 14 30 60

1000 rpm knife speed
0 58 +02",  72+03%, 86404, 9.1 +0.3%,
1 42 00", 7.1 +0.1% 7.1 + 0.138, 7.3 + 0.1,
3 40+01%,  73x03% 8003, 8301,
5 55+02°,  84+03%,  91+04%, 9.5 + 0.4,
7 7603 121+03% 126+ 06 143 + 0.6,
9 81+03%,  13.0+04%, 133+07%F, 159105,
11 99 +0.6%, 143+07% 146+07°% 184 +05%,
13 101 +03%, 150+07%, 191+06% 193+1.1%,
15 164 + o.s;‘., 206 + °~8:§’ 208 = °‘3i'2” 29.8 + 1.4:35
17 194 +06™, 223+1.1%%, 266+09"%, 301+ 1.08"°,
20 217 +09%, 243+ 11", 254+1.0", 321413,

1500 rpm knife speed
0 46+02",  71+03", 8003, 8.2 + 0.3,
1 3601,  56+02%  57+02%, 5.9 + 0.1%%,
3 37+02%, 66+03"%, 80+01°,  88+03",
5 63+03%,  91£03%, 122:05C 122104
7 6.7 + 0.3%, 10.7 £ 05%, 131 +£05%%, 124+ 05,
9 6.8 +039, 108 +04%, 13.0+05%9, 137059,
11 74+03%A, 109+05%, 137+07, 14105,
13 7.9 + 0.3%%, 128 + 05, 151 +£04°C, 157 + 0.6°,
15 127 +03%, 193 +08%, 195+06®, 211+ 1.0%,
17 16.6 +0.9%, 20.1+0.7%, 21.1+08%, 240+ 08%,
20 199+ 06", 268+1.1%8, 287+12", 320+13",

3000 rpm knife speed
0 43+02%,  59+02", 78103, 104 + 04,
1 37 +00%, 48+01%,  50+01%, 7.4 +0.3%,
3 32+01%, 47£02%, 6603, 8.7 + 0.2,
5 55+02%, 91+03%,  106+05 117+ 06,
7 54+02%,  96+04F, 11.0 £ 05, 12,0 + 04,
9 69 +02%,  128+05%, 139+05%, 169+ 06,
11 70 £ 04%,  13.0+06%, 15709  182+087,
13 123 +£03%. 168+ 05  220+07% 269 + 1.1%°
15 208 +08%. 236+1.1%.  248+12". 275+ 1.0%,
17 249+ 08" 291109  292+12% 371111
20 417 +1.9% 431+ 18", 51.0+21 554123,

@ Values are expressed as means + standard deviation (n = 12). Within a set of
data at the same knife speed, means within a column followed by different super-
script letters differ significantly (P < 0.05). Means within a row followed by su-
perscript uppercase letters differ significantly (P < 0.05). At different knife speeds
but at the same maintaining time, means within a column followed by different
subscript letters differ significantly (P < 0.05).

comparison with the model samples produced at the agitation
speed of 3000 rpm (P < 0.05). When the holding time of the melt
was set for more than 9 min, the processed cheeses manufactured
at 3000 rpm were significantly firmer (P < 0.05) in comparison
with the products made at lower agitation speeds (1000 and
1500 rpm). On the other hand, at longer holding times (above
9 min) the products made at 1500 rpm showed the lowest firm-
ness (for most of the storage period) in comparison with the
processed cheeses manufactured at the agitation speed of 1000
and 3000 rpm (P < 0.05).

From the comparison of the results showing the viscoelastic
properties of the processed cheeses manufactured at different
agitation speeds, there is a combined effect of agitation speed and
holding time at the melting temperature. A higher agitation speed,
mainly when combined with a longer holding time, results in
products with a firmer consistency. Noronha et al. (2008) reported
that the increasing agitation speed in the device leads to more rigid
final products. This conclusion only partially corresponds with our
results. It may be primarily due to a lower melting temperature, the
character of the cheese (our study was based on processed cheese
spreads while the study by Noronha et al. (2008) dealt with
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Table 3

Values of the interaction factor (z) of the model processed cheese after 1, 14, 30 and
60 days of manufacturing using a different speed of Stephan kettle and different
times of temperature maintaining after holding a melting temperature of 90 °C.”

Maintaining Days of storage
time (d)

14 30 60

1000 rpm knife speed

3.00 + 0.16"%, 3.17 + 0.13*%, 333+ 0.17°", 334 +0.13%8,

1 277 +0.11%, 3.12+0.13%, 3.15+0.10%, 3.16 +0.12%8,
3 277 009, 3.8 +013%, 323+ 009", 327 +0.11%%,
5 297 + 006", 333 +015°%, 3341013, 3374007,
7 338 + 0.14%, 377 £0.15%, 3.75+0.15%, 3.92 +0.17F,
9 3.46 + 0119, 392 +0.14%, 3.99 + 0.18°%%C, 4.17 4+ 0.13%,
11 370 + 0.18%, 414+ 013, 419+0.17%, 429 + 02098,
13 3.85+ 0.18%, 413 +0.13%8, 429+ 0179, 441 +022%,
15 458 +0.16%, 483 +021°%, 4.81+021°, 520018,
17 496 + 021%™, 512 1+ 0258, 518 + 0.20°"®, 529 + 0.23"¢%,
20 525+ 0.16%, 534+ 018™%, 554+028%, 564 +0.18%,

1500 rpm knife speed
2.95 + 0.13%,
2.82 + 0.10%,
2.82 +0.10%,

0 3.35 + 0.10%,
1

3

5 3.39 + 0.13%,

7

9

313 + 012,
325+ 0.14%%,
3.92 + 0.13%%,
3.83 + 0.13%,
391 +0.13%,

3.46 + 0.13%%,
3.14 +0.12°%,
3.54 + 0.16",
3.83 +0.12F,
3.96 + 0.13%8,
4.11 +0.1698,

3.35+0.18%,
3.18 + 0.13%,
3.35+0.11%,
3.83 + 0.07"%,
3.96 + 0.17%,
4.03 +0.18",

3.31 +0.12%,
3.39 + 0.18%,

11 3.46 + 0134, 4.03 +0.19°®, 3.96 + 0.19"F, 4.21 + 0.16®,
13 3.67 £ 022, 429 +0.17®, 426+ 020%, 439 +0.19%,
15 419 +025%, 4,68 + 0.20%F, 477 +022%, 4.80 +0.17%,
17 483 +025%, 492+ 022°"8, 490 + 0.24%8, 507 +0.12%,
20 514+ 015", 566+0.18%, 6.17+024% 636 + 0.28%,

3000 rpm knife speed

3.06 + 016, 337 + 0.18"%, 3.55 + 0.13**%. 3.79 + 0.16",

1 298 +0.11%, 320+ 012", 3.23+0.12%%, 3524015,
3 290 +0.10%, 3.7 +015%, 345+0.15%  3.99 +0.14°D,
5 3.34 + 0.06"%, 4.08 +0.19°%, 3.80 + 0.07F, 4.17 +0.17F,
7 354 + 015, 397 + 020", 4.01+0.17%, 454 +020%,
9 3.79 £ 012, 450+ 020, 4.50 + 0.14%%, 5.00 + 0.22%,
1 3.78 + 018, 4.82 +0.19%, 4.83 +024%, 475+ 020",
13 460 +021%, 480 +0.22%, 544 +024°%, 577 +020%,
15 592 +020° 589+ 0219, 5844021, 628 +0.24%,
17, 615+ 026°A. 629 + 0.279%, 654 + 028", 7.47 + 025",
20 7.65 + 036, 7.04+022°%, 757 +024%. 854 +036%,

@ Values are expressed as mean + standard deviation (n = 12). Within a set of data
at the same knife speed, means within a column followed by different superscript
letters differ significantly (P < 0.05). Means within a row followed by superscript
uppercase letters differ significantly (P < 0.05). At different knife speeds but at the
same maintaining time, means within a column followed by different subscript
letters differ significantly (P < 0.05).

processed cheese blocks), a much shorter holding time (~2 min)
and a lower agitation speeds (100—1500 rpm).

4. Conclusion

The aim of the work was to observe viscoelastic properties of
model processed cheese spreads at various agitation speeds and
holding times at the melting temperature over 60 days cold storage.
Under the conditions of our experiment it was discovered that at all
the agitation speeds tested (1000, 1500 and 3000 rpm) the firmness
of the samples increased steadily from the 3rd to the 20th minute of
the holding time. The most striking increase was observed in the
model processed cheeses manufactured at 3000 rpm, especially
from the 10th minute of the holding time onwards. However, a
clear trend in the development of viscoelastic properties of the
observed samples depending on the agitation speed could not be
determined. This trend changed according to the particular holding
time of the melt at the melting temperature. Other experiments
will have to be conducted to get a clearer description of the com-
bined effect of the holding time of the melt at the melting tem-
perature and the agitation speed on the consistency of processed
cheeses. During the 60 day storage period, the firmness of all the
observed processed cheeses increased.
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Spreadable processed cheese (SPC) samples, with 30 and 40% (w/w) dry matter (DM) and 30, 40 and 50%
(w/w) fat in dry matter (FDM), were produced with nine individual melt holding times (between 0 and
10 min) and stored for 30 days. Milk fat droplet size and viscoelastic properties were determined. In
general, longer holding times resulted in decreased diameter of the milk fat droplets in all tested SPC
samples. Furthermore, the size of the milk fat droplets decreased with increasing DM content and

decreasing FDM content. Furthermore, for most of the produced SPCs, with the progress of the storage
time, the G* values decreased over the first 2 or 3 min (of the applied holding time). In addition, pro-
longing the holding time and storage period resulted in an increase of the samples G* values. Increased
DM content and decreased FDM content in SPC samples resulted in increased G* values.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

According to Codex Alimentarius Commission (2000), processed
cheese (PC) is manufactured from one or more varieties of natural
cheese. Moreover, other optional dairy ingredients (e.g., anhydrous
butterfat, butter, cream, milk powder, whey, buttermilk, caseinates,
coprecipitates) or non-dairy ingredients (preservatives, stabilisers,
flavouring agents) can be added into the processed cheese blend to
improve functional properties or modify composition (Codex
Alimentarius Commission, 2000; Cernikovd, Nebesaiovd, Salek,
Rihackova, & Bunka, 2017). Thereafter, the applied raw materials
are shredded, blended, melted and emulsified at elevated temper-
atures in the presence of appropriate emulsifying salts (ES; e.g.,
sodium, potassium and/or ammonium salts of the citric, lactic,
mono-, di- and/or polyphosphoric acids) (Codex Alimentarius
Commission, 2000; El-Bakry, Duggan, O'Riordan, & O'Sullivan,
2010). In addition, the relationship between a minimum level of

* Corresponding author. Tel.: +48126624805.
E-mail address: agnieszka.pluta-kubica@urk.edu.pl (A. Pluta-Kubica).

https://doi.org/10.1016/j.idairyj.2020.104880
0958-6946/© 2020 Elsevier Ltd. All rights reserved.

dry matter (DM) and a minimum level of fat in DM (FDM) in PC is
also specified by the Codex Alimentarius Commission (2000).
However, Codex standards are not legislation. Therefore, on the
markets of the European Union (EU), there exist products with DM
content lower than the amount required by the standard, whereas
they still appear to be named as “processed cheese” (Cernikova,
Nebesarova, et al, 2017). In particular, the above-mentioned
products must comply with the internal legal regulations of the
individual member EU countries. In general, according to Hickey
(2011), legislation on PC and related products varies a lot around
the world.

One of the most important stages of PC manufacture is the
continuous heating and stirring of the ingredients for a period of
time allowing the formation of a homogenous and smooth mass (Fu
& Nakamura, 2020). In addition, during blending and melting, ES
partially solubilise caseins due to the ion-exchange (calcium to
sodium or potassium) phenomenon (Fu et al., 2018b). In particular,
the fat present is emulsified and the proteins are hydrated. Both the
solubilisation and the hydration of casein, resulting in a temporary
loosening of the protein network and a decrease in the viscosity of
the melt. However, because of the swelling of the protein units, the
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protein—protein interactions intensify as the degree of peptisation
increases.

The solubilised protein molecules may also associate with lipids.
The proteins present in the formed gel network could form
hydrogen and disulphide bonds, as well as electrostatic and hy-
drophobic interactions may occur. Furthermore, denatured f-
lactoglobulin can interact with other proteins in the network such
as k-casein and other whey proteins by forming disulphide bridges.
These interactions can cause an increase in the firmness of PC and
decrease its meltability (Bowland & Foegeding, 2001; Nogueira de
Oliveira, Ustunol, & Tamime, 2011). Calcium bridges and
calcium—phosphate complexes may also be involved during the
processing (Bunka et al., 2014). The re-association of the proteins
results in an increase in viscosity.

The creation of the final network of the PC matrix is called
creaming. The latter phenomenon is realised during heating,
cooling and storage (Dimitreli, Thomareis, & Smith, 2005;
Kawasaki, 2008; Lee, Buwalda, Euston, Foegeding, & McKenna,
2003; Mozuraityte, Berget, Mahdalova, Grensberg, @ye, & Greiff,
2019).

Furthermore, consistency is one of the most important proper-
ties of PC and many factors can influence this. The latter factors can
be categorised into three main groups: (i) composition of the raw
materials applied (type and degree of maturity of natural cheeses,
their chemical composition, type and quantity of ES, additional
ingredients, etc.), (i) processing parameters during manufacturing
(temperature during melting, speed of agitation, holding time un-
der melting temperature, rate of cooling), and (iii) storage condi-
tions (temperature, time and permeability of the packaging
material used) (Fu et al., 2018a; Fu & Nakamura, 2018; Cernikova,
Pachlova, et al., 2018).

The effect of processing parameters, such as holding time of the
melt, on the consistency of PC spreads has been studied extensively.
Swenson, Wendorff, and Lindsay (2000) investigated fat-free PC
(with 40%, w/w, DM content) and stated that, the longer the
holding time, the lower the firmness of the product. However,
Bowland and Foegeding (2001) examined the effect of processing
time (10, 20 and 30 min) on the viscoelastic properties of model PC
(49.5—52.5%, w|w, DM; 51.4—54.5%, w/w, FDM) over a decreasing
temperature regime from 25 °C to 80 °C (to determine sample so-
lidification). The authors concluded that there was no relationship
when the small strain analyses (G’, G", G* and 3) were performed at
temperatures lower than 80 °C. Moreover, Lee et al. (2003) found
that the apparent viscosity of spreadable processed cheese (SPC)
melt containing 50% (w/w) DM and 50% (w/w) FDM rose until
25 mins of processing at 80 °C and then decreased. Furthermore,
Cernikova et al. (2017) and Cernikovd, Salek, Kozackova, and Bunka
(2018) investigated the effect of holding time of the melt in a
selected temperature on the viscoelastic properties of PC with 35%
(w/w) DM and 40% (w/w) and 50% (w/w) FDM content. These au-
thors concluded that the firmness of PC decreased up to the 3rd
minute of holding time but then increased significantly (the
maximum holding time applied was 20 min). Prikryl et al. (2018)
also examined the consistency of PC spreads (37%, w/w, DM and
50%, w/w, FDM) after holding times of 1, 5 and 10 min, they stated
that, the longer the melt is maintained at the melting temperature,
the more rigid the product becomes.

Nevertheless, the above-mentioned results are contradictory
and the effect of holding time on the consistency of PC spreads with
different DM and FDM contents remains unclear. Especially, the
effect of holding times below 10 min (in close gaps within the
holding time range) on SPC samples (with different DM and FDM
contents; produced under identical processing protocol) visco-
elastic properties described by the complex modulus and phase
shift up to now is missing from the existing scientific literature. In
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general, it is accepted that the short duration of the holding time is
economically advantageous. In the present study, model SPCs,
manufactured with identical raw materials and under constant
processing parameters (temperature, agitation speed) as well as
using the same laboratory equipment, were examined. The aim of
the research was to determine the effect of the holding time (0, 1, 2,
3,4,5, 6,8 and 10 min) of the SPC melt (at 90 °C) on the size of milk
fat droplets and selected viscoelastic properties (complex modulus
and phase shift) of model SPC samples with different DM (30 and
40%, w/w) and FDM (30, 40 and 50%, w/w) contents during storage.

2. Materials and methods
2.1. Manufacture of the samples

SPC samples [6 different PC formulations (2 DM x 3
FDM = 6)] x 9 (holding times) = 54 samples in total] were man-
ufactured according to the protocol previously described by
Cernikovd et al. (2017b). The formulation of the PC samples is
presented in Table 1. The total weight of the produced SPC samples
ranged within the interval of 1105.6—1166.4 g per batch. The
composition of the ES used was as in the research of Cernikova et al.
(2017b). However, their total amount was calculated as a constant
ratio of ES to protein (0.15). The relative amount of ES applied is
given in Table 1. Total masses of ingredients prepared for the
manufacture of the SPC samples were calculated to be similar so as
to provide comparable heat transfer.

The model SPCs were manufactured under laboratory condi-
tions using a Stephan UMC-5 (Stephan Machinery GmbH, Halmen,
Germany) equipped with indirect heating. The target temperature
was 90 °C (reached after approximately 12 min of processing) and
the mixture was heated under partial vacuum with an agitation
speed of 1500 rpm. The applied holding times at 90 °C were: 0, 1, 2,
3,4,5, 6,8 and 10 min (a separate batch of PC for each holding time
was prepared). Furthermore, the hot melt (immediately after pro-
duction) was packed in polypropylene containers (cuboid shape;
length: 95 mm, width: 75 mm, height: 30 mm). The weight of the
sample in one container was approximately 85 + 5 g. Containers
were sealed with aluminium lids, left to cool down at ambient
temperature (target temperature 25 + 1 °C; approximately 5 h) and
then the samples were transferred into a refrigerator (6 + 2 °C)
where they were stored over the whole experiment. The samples
were analysed 24 h after the manufacturing and at the 14th and
30th day of storage.

2.2. Basic chemical composition analysis of the samples

The DM and fat contents were determined according to ISO
(2004a) and ISO (2004b), respectively. The FDM content of the PC
samples was calculated as fat content divided by DM. The pH was
measured using a pH-meter equipped with a glass tip electrode (pH
Spear, Eutech Instruments, Oakton, Malaysia) into the samples at
three randomly chosen locations. Analyses were performed in
triplicate.

2.3. Rheological analysis of the samples

A dynamic oscillatory shear rheometer (Rheostress 1, Haake,
Bremen, Germany) equipped with a plate—plate geometry (35 mm
diameter, 1 mm gap) was used for the determination of the SPC
viscoelastic properties. Furthermore, all tested samples were
measured in the control shear stress mode at a frequency ranging
from 0.05 to 100.00 Hz (at 20.0 + 0.1 °C). The amplitude of shear
stress (20 Pa) was selected in the linear region of viscoelasticity.
Additionally, the exposed edge of the parallel-plates geometry was
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Table 1

International Dairy Journal 113 (2021) 104880

Formulation of the processed cheese samples with different dry matter content (DM) and fat in dry matter content (FDM)."

Raw materials (%)

Type of processed cheese (%, w/w)

30% DM 40% DM
30% FDM 40% FDM 50% FDM 30% FDM 40% FDM 50% FDM
Dutch-type cheese 53.5 454 37.6 71.2 61.0 50.2
Butter 1.1 6.4 114 1.6 84 15.2
Emulsifying salt components
NazHPO4 1.0 0.8 0.6 13 1.1 0.9
NaH,PO,4 04 0.4 03 0.6 0.5 0.4
NasP,07 0.5 0.4 04 0.6 0.5 0.5
Sodium salt of polyphosphate 05 0.4 04 0.7 0.6 0.5
Water 43.0 46.2 493 240 282 323
Emulsifying salts-to-protein ratio 0.15 0.15 0.15 0.15 0.15 0.15
Relative amount of emulsifying salts 24 2.0 1.7 32 2.7 23

? The total weight of the melt (g) ranged from 1105.6 to 1166.4; the percentages of emulsifying salts applied were: Na;HPO4, 39%; NaH;P04, 18%; NasP,0, 21%; sodium salt

of polyphosphate, 22%.

covered with a thin layer of silicone oil to prevent sample dehy-
dration. In oscillatory shear tests, the overall response of the sample
may be characterised by the complex modulus G* = [(G')? + (G1?]"/
2 where G’ is the elastic modulus (kPa) and G is the viscous
modulus (kPa). The G* describes the total resistance to deformation
of a material (considered as an elastic solid) and is therefore, a
measure of its consistency (Dimitreli & Thomareis, 2008). More-
over, phase shift is the phase angle between stress and strain. In
particular, if < 45° or tand (G'/G') < 1 or G' > G, the material is
more elastic than viscous (solid-like behaviour). On the contrary, if
& > 45° or tand >1 or G*> G/, the material is more viscous than
elastic (liquid-like behaviour) (Dimitreli & Thomareis, 2008;
Sotowiej, Cheung, & Li-Chan, 2014).

2.4. Scanning electron microscopy analysis of milk fat droplet size

The analysis of the size of milk fat droplets was performed using
a scanning electron microscope JEOL JSM-7401F (Jeol, Japan) and
Image] software (Wayne Rasband, Maryland, USA). Before viewing
the samples were prepared by chemical fixation, dried using Leica
EM CPD300 (Leica Microsystems, Austria) (Cernikovd, Nebesarova,
et al,, 2017) and gold-plated in Sputter Coater SCD 050 (Bal-tec,
Liechtenstein). The microphotograph of each sample was analysed
to determine the fat droplet diameter (expressed in um). Each
sample was analysed twice (2 repetitions x 3 batches; n = 6), and
the results were expressed as median + standard error. The analysis
of the size of milk fat droplets of the SPC samples was performed
after 30 days of storage.

2.5. Statistical analysis

The results obtained were evaluated using Kruskal-Wallis and
Wilcoxon tests (the significance level was 0.05). The chi-square test
was applied for the comparison of the fat droplet size of model SPC.
Unistat® 6.5 software (Unistat, London, UK) and Microsoft Excel
(Microsoft Corporation, Santa Rosa, CA, USA) were used for the
statistical analysis.

3. Results and discussion
3.1. Basic chemical composition of the samples

The chemical composition of the model SPC is presented in
Table 2. The values of DM were comparable during the 30-day
storage time and ranged from 31.11 to 31.39% (w/w) for 30% DM
SPC and from 41.09 to 41.49% (w/w) for 40% DM SPC. The calculated

FDM levels were also in agreement with the target values (Table 2;
P > 0.05). Therefore, these samples can be used to determine the
effect of the holding time on the size of milk fat droplets and the
viscoelastic properties.

Regardless of the combination of DM, FDM and storage time,
prolonging the holding time did not significantly affect the pH of
samples (P > 0.05). Hence, the samples with 40% (w/w) DM and
50%, w/w, FDM stored for 1 day showed pH values in the range
5.66—5.76 and 5.62 to 5.72 after 0 and 10 min of holding time,
respectively. The ES applied can stabilise the pH of the PC due to
high buffering capacity (Fox, Guinee, Cogan, & McSweeney, 2017).
Moreover, regardless of the combination of DM, FDM and holding
time applied, storage for 30 days resulted in a slight but statistically
significant (P < 0.05) decrease in sample pH. In addition, the pH of
the SPC samples ranged from 5.68 to 5.78 after 1 day and from 5.56
to 5.64 after 30 days of storage in the samples with 30% (w/w) DM
and 30% (w/w) FDM produced with 0 min of holding time.

These results are in agreement to those previously reported by
Cernikovd, Nebesaiova, Salek, Popkovd, and Bunka (2018),
Cernikova et al. (2017b, 2018c) and Salek et al. (2015). A possible
explanation could be hydrolysis of polyphosphate salts, which are
more susceptible to the nucleophilic attack of water at pH 5.6 than
at pH 6.0 (Barth, Tormena, & Viotto, 2017). The pH values depended
on the DM and the FDM content (P < 0.05). The lowest values were
determined for the samples with 40% (w/w) DM and 30% (w/w)
FDM (5.50—5.68 and 5.38—5.57 after 1 and 30 days of storage,
respectively), with the highest values for those with 30% (w/w) DM
and 50% (w/w) FDM (5.83—6.03 and 5.72—5.91 after 1 and 30 days
of storage, respectively) (P < 0.05). The current observation could
be attributed to higher concentration of lactic acid (from the
applied natural cheese — Edam) and ES. Furthermore, the addition
of ES promotes an increase in electrostatic repulsion, and greater
casein dispersion (or peptisation) might occur (Lu, Shirashoji, &
Lucey, 2008). The pH of PC is affected by a few main factors
regarding the applied ingredients and ES: the proportions and
types of different raw materials, their acidity and buffering capacity
as well as the level, type and buffering capacity of the ES (Fox et al.,
2017). The model SPCs examined in this study were manufactured
using the same ingredients and types of ES, although in different
proportions.

3.2. Viscoelastic properties of the samples
The inner structure of the PC samples was evaluated by the

complex modulus and loss angle 8. Hence, the loss angle is related
to PC melting properties and provides information about its
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Table 2

International Dairy Journal 113 (2021) 104880

Basic chemical analysis of the processed cheese samples with different dry matter content (DM; % w/w) and fat in dry matter content (FDM; % w/w) during 30-day storage.”

Parameters Type of processed cheese (% w/w)

30% DM 40% DM

30% FDM 40% FDM 50% FDM 30% FDM 40% FDM 50% FDM
Dry matter content (%, w/w) 31.27 + 0337 31.39 + 0.27° 31.11 + 0.26° 4149 + 025" 41.09 + 033" 4136 + 031"
Fat content (%, w/w) 9.19 + 0.30° 12.75 + 0.36° 15.83 + 0.38° 12.43 + 0.32° 16.58 + 0.34¢ 20.70 + 0.48°
Fat in dry matter content (%, w/w) 29.40 + 1.10° 40.63 +0.71° 50.88 + 0.68° 29.95 + 0.78° 40.35 + 0.97° 50.04 + 0.65°

@ For dry matter and fat content expressed as 95% confidence interval for mean of samples manufactured with different holding times and stored 30 days; fat in dry matter
content calculated from means of dry matter and fat contents and expressed only as mean values. Means within a row followed by different superscript letters differ

significantly (P < 0.05).

viscoelastic properties. In addition, higher loss angle values indicate
higher degree of flowability (Schadle, Eisner & Bader-Mittermaier,
2020).

The results of the complex modulus (G*) and the phase shift (3)
of the model SPCs are shown in Figs. 1 and 2, respectively. These
parameters were not determined for the samples with 30% (w/w)
DM and 50% (w/w) FDM at 24 h after manufacturing because they
presented very liquid-like behaviour. Furthermore, for most of the
SPC samples produced, it was demonstrated that, with longer
storage times, the G* value significantly decreased in the first 2 or
3 mins of the holding time (P < 0.05). Nevertheless, a different
pattern was observed in the sample with 30% (w/w) DM and 50%
(w/w) FDM contents, the G* of which was constant up to the 5th
min of holding time (P > 0.05). In all tested samples, prolonging the
holding time (up to 10 min) resulted in an increase of the G* values
(P < 0.05). Moreover, a similar trend was previously reported by
Cernikova et al. (2017b, 2018c) in PC with 35% (w/w) DM and 40 or
50% (w/w) FDM contents, respectively. However, the current
decreasing trend was identified only in the first three mins of
processing (P < 0.05). Fu et al. (2018a) found that stirring at
1500 rpm at 90 °C could increase the viscosity of PC after

approximately 4—6 min. However, those PCs had pH from 5.8 to 5.9
and higher DM levels (54—55%, w/w) than those which were
investigated in the present study.

In addition, during the continuous heating and stirring of the
ingredients for SPC manufacture, the formation of a homogenous
mass occurred. Firstly, ES solubilise para-casein molecules by
breaking calcium phosphate bridges. Then, the fat becomes emul-
sified and the proteins are hydrated (Mozuraityte et al., 2019).
Therefore, casein peptisation could occur during the initial holding
time (2—3 min) leading to a decrease in the G* values of the
examined SPC samples. Furthermore, a new protein network needs
some time to be created. Probably the presence of milk fat droplets
with higher values of diameter could extends this time. In addition,
the complex modulus in the samples with 30% (w/w) DM and 50%
(w/w) FDM started to increase after the 6th min of holding time and
these SPCs were characterised by milk fat droplets of the largest
diameter (Table 3, Figs. 1 and 3). Hence, due to swelling of protein
units, the interactions between proteins increased and association
with lipids may have occurred. Thereafter, the re-association of the
proteins during the creation of a new protein network resulted in
increasing firmness. The continuous increase in G* values of the
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Fig. 1. The dependence of the complex modulus (G*; kPa) of the model processed cheese (PC) 1 day (24 h; m), 14 days (0) and 30 days () after manufacture using different holding
times (0—10 min) at a melting temperature of 90 °C. Panels A, B and C: samples with 30% (w/w) dry matter content. Panels D, E and F: samples with 40% (w/w) dry matter content.
Panels A and D, B and E, and C and D: PCs with 30%, 40% and 50% (w/w) fat in dry matter content, respectively. Values are expressed as mean + standard deviation (n = 8).
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Fig. 2. The dependence of the phase shift (3; °) of the model processed cheese (PC) 1 day (24 h; m), 14 days (O) and 30 days (¥) after manufacture using different holding times
(0—10 min) at a melting temperature of 90 °C. Panels A, B and C: samples with 30% (w/w) dry matter content. Panels D, E and F: samples with 40% (w/w) dry matter content. Panels
A and D, B and E, and C and D: PCs with 30%, 40% and 50% (w/w) fat in dry matter content, respectively. Values are expressed as mean + standard deviation (n = 8).

SPC samples, observed during the holding time up to 10 min, cor-
responds to the progressive evolution of the creaming action and
may be due to the following reasons. Firstly, the size of milk fat
droplets decreases when the holding time is prolonged (Table 3 and
Figs. 3 and 4). Moreover, the agitation process causes mechanical
stress, which accelerates solubilisation and hydration of the present
proteins and peptides (Bowland & Foegeding, 2001; Bunka et al.,
2014; Lee et al., 2003; Cernikova, Salek, et al., 2018). Furthermore,
interactions between proteins can be enhanced by calcium ions,
which may neutralise the charge repulsion between caseins. On the
other hand, interactions may occur by cross-linking or bridging
between proteins. The strengthening of interactions between pro-
teins can cause a more rigid structure of PC (Sharma, Munro,
Dessev, & Wiles, 2016). In parallel with the increase in G* values,
the observed decrease in & values (P < 0.05), during the holding
time up to 10 min, showed that SPC samples became more elastic.

Table 3
Size of milk fat droplets of model processed cheese samples after 30 days of storage.”

Regardless of the combination of DM and FDM applied, the
values of the complex modulus increased during the 30-day storage
period (P < 0.05). A more pronounced increase in G* was observed
in the samples with 30% (w/w) DM, as the difference between the
1st and the 30th day of storage was often over 100%. The increase in
the G* values could be caused by a decrease of the pH which was
most likely a result of hydrolysis of the applied ES or dissociation of
other compounds present in the PC (Cernikova, Nebesarova, et al.,
2018). Increasing G* can also be triggered by changes in the crys-
talline form of polymorphic milk fat (Cernikova, Salek, et al., 2018).
A decrease of pH can cause an increase of hardness of PC when
disodium orthophosphate is used as ES, probably be due to the
decreased electrostatic repulsion (Lu et al., 2008). In contrast, phase
shift values decreased over the 30-day storage period (P < 0.05),
with SPC samples becoming increasingly elastic.

The complex modulus was also dependent on the DM and the
FDM contents. The lowest G* was determined in the samples with

Holding time (min) Size of milk fat droplets (um)

30% DM 40% DM

30% FDM 40% FDM 50% FDM 30% FDM 40% FDM 50% FDM
0 0.675 +0.013 7 1.027 + 0.037 ¢ 1.366 + 0.064 0.207 + 0.009 P2 0.285 + 0.007 * 0.589 +0.017 ¥
1 0.668 + 0.025 7 1.024 + 0.017 ¢ 1.355 + 0.086" 0.204 + 0.007 P2 0.283 + 0.009 * 0.581 + 0.015
2 0.656 + 0.029 & 1.018 + 0.062°F¢ 1.338 +0.042 77 0.198 + 0.009%P* 0.279 + 0.0107F" 0.566 + 0.014 &
3 0.613 +0.023 ™4 1.015 + 0.037 P¢ 1.238 + 0.079 ¥ 0.197 + 0.006 < 0.272 + 0,008 °° 0.544 + 0.014 P¢
4 0.519 + 0.024 ™ 1.010 + 0.026 > 1.077 + 0.094 °F 0.196 + 0.006 < 0.255 + 0,009 0.504 + 0.009
5 0.511 +0.019 0.991 + 0.0365P4 1.064 + 0.0685P¢ 0.195 + 0.006%< 0.247 + 0.007 © 0.500 + 0.013 «
6 0.496 + 0.016 < 0.951 +0.030 1.036 + 0.048%<¢ 0.193 + 0.005%< 0.234 + 0.007 0492 +0.012 «
8 0.462 + 0.015 ® 0.916 + 0.028 B¢ 1.009 + 0.04475° 0.186 + 0.006*52 0.230 + 0.006"%" 0.439 + 0.005 B
10 0.449 + 0,021 M 0.844 + 0.026 "¢ 0.993 + 0.052 A 0.182 + 0.004 A 0.224 + 0.007 A 0.403 + 0.020 ¢

2 Abbreviations are DM, dry matter content (%, w/w); FDM, fat in dry matter content (%, w/w). Values are expressed as mean =+ standard error (n = 6); means within a column
(the difference between the different holding times) and within a row (the difference between the dry matter content and the fat in dry matter content) followed by different

superscript uppercase and lowercase letters differ significantly (P < 0.05).

180



A. Pluta-Kubica, M. Cernikovd, G. Dimitreli et al. International Dairy Journal 113 (2021) 104880

Fig. 3. Scanning electron microscopy images of processed cheeses (PCs) with 30% (w/w) dry matter content (scale bar 5 pm; magnification 2500 ). Panels A and B, C and D, E and F:
show PCs with 30%, 40% and 50% (w/w) fat in dry matter content, respectively. Panels A, C, E: PCs produced with holding time 0 min. Panels B, D, F: PCs produced with 10 min
holding time. FD*, place after milk fat droplets removed; P, protein; IP, insoluble phosphate.

Fig. 4. Scanning electron microscopy images of processed cheeses (PCs) with 40% (w/w) dry matter content (scale bar 1 pm; magnification 10,000 ). Panels A and B, C and D, E and
F: show PCs with 30%, 40% and 50% (w/w) fat in dry matter content, respectively. Panels A, C, E: PCs produced with holding time 0 min. Panels B, D, F: PCs produced with 10 min
holding time. FD*, place after milk fat droplets removed; P, protein.

30% (w/w) DM and 50% (w/w) FDM (P < 0.05). The G* increased as w) DM and 30% (w/w) FDM. Generally, we could assume that, the

the DM increased and the FDM decreased (P < 0.05). In particular, higher DM and the lower FDM contents, the more rigid the SPC
the highest values of G* were reported in the samples with 40% (w/ became and a tougher and less spreadable consistency was seen.
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This could be probably attributed to the increase in NFS and protein
contents and, hence, to the strengthening of the protein network of
the samples. Similar findings were demonstrated by Cernikova,
Nebesarova, Salek, Rihackova, and Bunka (2017), Dimitreli and
Thomareis (2008) and Guinee and O'Callaghan (2013). Moreover,
analysis of the phase shift showed that all SPC samples with 40%
(w/w) DM and the those with 30% (w/w) DM and 30% (w/w) FDM,
independently of the holding time applied and the time of storage,
exhibited more elastic than viscous consistency (solid-like behav-
iour; phase shift less than 45°). Most of the samples with 30% (w/w)
DM and 40% (w/w) FDM also had this feature, except one, the
sample manufactured with 2 min of holding time. However, its
consistency changed into more elastic after 14 days of storage. The
samples with 30% (w/w) DM and 50% (w/w) FDM were found to be
more viscous than elastic (liquid-like behaviour; & > 45°), regard-
less of the holding time applied and the storage period.

It could be concluded that the DM, FDM contents, holding time
and length of the storage time affected the rheological and thus, the
sensory properties of the PC samples. In particular, the increasing
fat content reduced the values of complex modulus, resulting in
softer PC products. Moreover, the PCs with low DM content were
more viscous than samples with higher level of DM content. In
general, some sensory properties (hardness, gumminess, chewi-
ness and meltability) can be affected similarly such as rheological
properties with the prolonging of the storage time. Furthermore,
increasing holding time resulted in higher values of the G*
modulus.

Furthermore, from an economic point of view, shorter holding
times could be evaluated as more advantageous for the producers
of PC. However, the production cost for PC manufacture can vary
significantly and could be affected by multiple factors (raw mate-
rials, energy costs, operation costs, location, inflation, taxes, etc.)
which could differ between countries. With respect to the applied
ingredients (natural cheese — Edam; butter; water and ES) cost
implemented in the current study the estimated production cost (€
kg™ '; prices are for year 2019) of 1 kg of final product could be as
follows: €1.70, 30% (w/w) DM, 30% (w/w) FDM; €1.57, 30% (w/w)
DM, 40% (w/w) FDM; €1.43, 30% (w/w) DM, 50% (w/w) FDM; €2.26,
40% (w/w) DM, 30% (w/w) FDM; €2.09, 40% (w/w) DM, 40% (w/w)
FDM; €1.91, 40% (w/w) DM, 50% (w/w) FDM. In general, PC cheese
formulation can have an impact on final product price. Hence,
higher DM content can result in higher PC price. However, in the
case of FDM content (comparing PCs with the same DM content)
the higher the FDM content, the lower the price of the final product.

3.3. Scanning electron microscopy of the samples and size of milk
fat droplets

The development of the size of milk fat droplets of the model
SPCs after 30 days of storage in relation to the duration of the
holding time is shown in Table 3 and Figs. 3 and 4. In general, most
of the samples presented diameter values lower than 1 pm.
Furthermore, similar findings were previously reported by
Gliguem, Lopez, Michon, Lesieur, and Ollivon (2011). Regardless of
the combination of DM and FDM applied, prolonging the holding
time up to 10 min resulted in decreased diameter of the milk fat
droplets (P < 0.05), probably due to the extended rate of shear.
Moreover, a significant difference was observed between 0 and 2 or
3 min of the holding time (P < 0.05). According to
Sutheerawattananonda, Fulcher, Martin and Bastian (1997) pro-
longing the holding time can result in a reduction in the diameter of
the milk fat droplets over the first 5 min. However, in the afore-
mentioned study, trisodium citrate was used as ES, which strongly
chelates micellar calcium, forms soluble complexes, and causes the
dispersion of the proteins present, leading to sufficient
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emulsification of the fat present within the PC matrix (Fu et al.,
2018b; Sutheerawattananonda et al., 1997). In addition, according
to Fu et al. (2018a,b), longer stirring times result in decreasing size
of the milk fat droplets.

The size of the milk fat droplets depended on the DM and FDM
contents and also on the processing parameters. In particular, the
diameter of the milk fat droplets decreased as the DM content
increased and the FDM content decreased (P < 0.05). Thus, the
smallest diameter of milk fat droplets was observed in the samples
with 40% (w/w) DM and 30% (w/w) FDM contents (Figs. 3 and 4).
The largest fat droplets were determined in processed cheese
samples produced with 0 min (Figs. 3 and 4, panels A, C, E) of
holding time and the smallest fat droplets were present in pro-
cessed cheeses with the holding time 10 min (Figs. 3 and 4, panels
B, D, F). This could be attributed to the viscosity of the melt, which,
as it increases, impedes the movement of the fat droplets and
contributes to their shearing during stirring. In fact, the more the
DM increases and the FDM decreases, the more the non-fat solids
(NFS) and the protein contents increase.

The increase in firmness of processed cheeses was explained by
Sutheerawattananonda et al. (1997) by reducing the size of fat
droplets, where a larger number of small fat droplets disrupt the
continuity of the protein matrix less intensely compared with the
presence of a smaller number of order of magnitude larger fat
droplets. Simultaneously with the decrease in the size of fat beads,
those authors found that the stiffness of the monitored samples
also increases with increasing holding time. However, the above-
mentioned authors also stated that the reduction in the size of
the fat droplets stops after about 5 mins of holding. Dimitreli and
Thomareis (2004) found that increasing the protein content
resulted in higher viscosity values of PC melt. Moreover, the sam-
ples with 30% (w/w) DM and 30% (w/w) FDM and those with 40%
(w/w) DM and 50% (w/w) FDM did not differ in fat droplet size
(P > 0.05), as they had similar NFS contents (20.50—22.10%, w/w).
Cernikova, Nebesarovd, et al. (2017) reported that also for PC with
35% (w/w) and 45% (w/w) DM and 40% (w/w) and 50% (w/w) FDM
the diameter of the milk fat droplets increased with the increasing
level of FDM. In addition, Lee, Klostermeyer and Anema (2015) also
observed that the milk fat droplet diameter decreased as the DM
increased.

4. Conclusions

The study of six different types of model SPCs prepared and
stored for 30 days showed that the viscoelastic properties depend
on the holding time, time of storage and DM and FDM contents. For
most of the produced SPCs, it was demonstrated that, on the 1st,
14th and 30th day of storage, G* (a measure of consistency)
decreased in the first 2 or 3 min of the holding time and gradually
increased afterwards. In the most cases of DM and FDM contents,
prolonging the holding time from the 3rd min up to the 10th min
and storage for 30 days increased the G* in all samples examined.
Also, G* increased with increasing DM content at constant FDM and
also with decreasing FDM. The same DM content and increasing
FDM content caused decreasing value of G*. Nevertheless, inverse
relationships were observed in the case of the phase shift evalua-
tion. In addition, most of the SPCs produced exhibited more elastic
than viscous consistency (solid-like behaviour).

It could be concluded that DM and FDM contents, holding time
and length of the storage time affected the rheological properties of
the PC samples. In particular, increasing fat content reduced the
values of complex modulus, resulting in more soft PC final products.
Moreover, the PCs with low DM content were more viscous than
the samples with higher level of DM content. This information may
be relevant to industry practice. Moreover, longer holding times of
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the melt can result in smaller diameter of milk fat droplets in the
final product. However, a significant decrease in size was observed
after 2 or 3 min. Furthermore, the size of milk fat droplets
decreased as the DM content increased and the FDM content
decreased. In general, from an economic point of view, shorter
holding times could be evaluated as more advantageous for pro-
ducers of PC. In addition, PC cheese formulation can have an impact
on final product price, as higher DM content can result in higher PC
price. Comparing PCs with the same DM content, the higher the
FDM content, the lower the price of the final product.
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ABSTRACT

The aim of this work was to add various amounts of
rework (0.0 to 20.0% wt/wt) to processed cheeses with
a dry matter content of 36% (wt/wt) and fat with a
dry matter content of 45% (wt/wt). The effect of the
rework addition on the viscoelastic properties and mi-
crostructure of the processed cheeses was observed. The
addition of rework (in this case, to processed cheese
with a spreadable consistency) in the amounts of 2.5,
5.0, and 10.0% (wt/wt) increased the firmness of the
processed cheese. With the further addition of rework,
the consistency of the processed cheeses no longer dif-
fered significantly. The conclusions obtained by the
measurement of viscoelastic properties were supported
by cryo-scanning electron microscopy, where fat drop-
lets in samples with added rework of over 10.0% (wt/
wt) were smaller than fat droplets in processed cheeses
with lower additions of rework.

Key words: processed cheese, rework, rheology, cryo-
scanning electron microscopy

INTRODUCTION

Processed cheeses (PC) are produced at an increased
temperature and under moderate underpressure, from
basic raw materials (cheeses, butter, water, emulsifying
salts) to which other ingredients of a dairy or nondairy
origin can be added. The consistency of PC is affected
by several different factors, which we can divide into the
following groups: (1) raw material composition (content
of cheeses of various types and maturity, DM and fat in
DM contents, concentration and composition of emul-
sifying salts, presence of hydrocolloids, rework content,
and so on), (2) technological production parameters
(agitation speed, agitation duration, cooling time and
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! Corresponding author: cernikova@uth.cz

rate, and so on), (3) storage conditions (storage length
and temperature, packaging characteristics; Kapoor
and Metzger, 2008; Salek et al., 2015; Cernikové et al.,
2017).

Rework is a PC that has already been processed once
and in which creaming has already occurred; it is used
as a raw material for the production of PC. Therefore,
its consistency is affected by all of the aforementioned
factors. Rework is created in the industry either (1)
intentionally (production of PC for rework or residue
of PC in production equipment) or (2) unintentionally
(production of PC originally intended for the market
network but ultimately not released for market; for ex-
ample, due to unsuitable packaging or incorrect DM or
fat in DM content). Rework is usually used fresh (PC
residue in production equipment) or 3 to 14 d old (PC
unsuitable for the market network due to unsuitable
fat or DM content, or an incorrect packaging weight).
Meyer (1973) and Guinee et al. (2004) defined 3 types
of rework: (1) from young cheese with long protein
chains (unripened raw material used for processing),
(2) regular PC with a creamy structure, and (3) over-
creamed product with a delicate structure. In Kaldb
et al. (1987), 3 types of rework were also used: (1)
fresh rework (produced and rapidly frozen immediately
after production), (2) regular rework from previous
processes, and (3) the so-called hot melt, which simu-
lates PC subjected to extreme stress (cooled from 82
to 4°C in 5 h), which Meyer (1973) refers to as over-
creamed. All of the aforementioned types of reworks
are processed under industrial conditions to prevent
economic losses (Kaldb et al., 1987). The reasons for
using rework can be economic (see above), but it is
also used to increase viscosity (with the increasing age
of the rework and with its increasing concentration)
after production, increase firmness, improve meltabil-
ity, or reduce the emulsifying salt content, as rework
already contains emulsifying salt (Lauck, 1972; Meyer,
1973; Kalab et al., 1987; Pluta et al., 2000; Kapoor and
Metzger, 2008). However, individual types of reworks
are added in different quantities for various reasons.
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If we use the division as per Meyer (1973), then fresh
rework is used in a concentration of 1 to 2% (wt/wt)
to increase the creaming of PC spreads, which contain
a high proportion of ripened or very ripened cheeses
in their raw material composition with intact casein
content approximately 70%, or more precisely, less than
65%. The second type of rework (regular PC with a
creamy structure) is used for block-type PC, to increase
firmness and elasticity, in a quantity of 2 to 30% (wt/
wt). Meyer (1973) recommended that the third type
of rework (over-creamed product with a delicate struc-
ture) be used only in a quantity of less than 1%, as
it has a very strong creaming effect and could easily
lead to over-creaming. Lauck (1972) wrote about the
addition of rework, usually in a quantity of 2 to 15%
(wt/wt). Explanations of the applications of individual
types of reworks are listed by Guinee et al. (2004), who
claims that the additional heating of preprepared PC
can cause a higher degree of temperature-induced de-
hydration and paracasein aggregation, particularly in
the third type of rework (over-creamed product with
a delicate structure), which increases the elasticity of
the resulting product. The more effective dispersion of
the emulsifying salts in rework (due to a longer contact
period) leads to the faster hydration of paracasein and
the high concentration of proteins, thanks to the high
degree of emulsification and in the third type of rework
(over-creamed product with a delicate structure), which
leads to increased viscosity, the effective dispersion of
fat, and the emulsification of the fresh melting mixture.

The literature has not described the effects of vari-
ous concentrations of rework on the consistency of PC
in detail, and in practice rework is added exclusively
on the basis of empiricism. The aim of this study was
to observe the effect of adding various quantities of
rework to the raw material composition on the result-
ing consistency of the PC. Model samples with a DM
content of 36% and fat in DM content of 45% were
produced with an addition of 0.0, 2.5, 5.0, 10.0, 15.0,
and 20.0% (wt/wt) rework under industrial conditions.
The consistency was examined using dynamic oscilla-
tory rheometry over a 60-d storage period. Individual
analyses were performed on d 1, 7, 14, 30, and 60 after
production.

MATERIALS AND METHODS

The model samples of PC were produced under in-
dustrial conditions, from raw materials manufactured
by the PC producer. The following were used: Dutch-
type cheese [50% (wt/wt) DM content, 30% (wt/wt)
fat in DM content, 8-wk maturity, Lacrum PLC, Velké
Mezifi¢i, Czech Republic], unsalted butter [84% (wt/
wt) DM content and 82% (wt/wt) fat content, Lacrum
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PLC], water, emulsifying salts [3% (wt/wt) calculated
per total weight, composition of emulsifying salts (%
relative)]: 34% Na,HPO,, 26% NaH,PO,, 20% Na,P,0,,
and 20% sodium polyphosphate; Fosfa PLC, Bfeclav,
Czech Republic), and rework. The effect of individual
emulsifying salts on pH shift in a model environment of
deionized water, liquid dairy system, and PC was pre-
sented in Nagyova et al. (2014) and Salek et al. (2015).
The rework added to the raw material composition was
produced from the same raw material composition as
the control sample (without the addition of rework)
and added after 3 d of storage at a temperature of 6
+ 2°C (72 h), in quantities of 0.0, 2.5, 5.0, 10.0, 15.0,
and 20.0% (wt/wt). The samples were produced us-
ing Stephan UM 130 equipment (Stephan Machinery
GmbH, Hameln, Germany), at a melting temperature
of 90°C (the holding time was 1 min and direct heating
was used) and a blade revolution speed of 1,500 rpm.
The total producing time was about 9 to 10 min. Before
the manufacture, slight underpressure was generated
in the kettle (using a vacuum pump). Each PC with
the certain rework concentration was manufactured 3
times (3 repetitions x 6 concentrations of rework = 18
manufactured batches). After production, the samples
were packaged in plastic jars closed with lids, cooled to
6 + 2°C, and stored for a period of 2 mo. The samples
of each manufactured batch were analyzed after 1, 7,
14, 30, and 60 d of storage.

The DM content and the fat content of the PC
samples were gravimetrically determined according to
ISO 5534 (ISO, 2004a) and ISO 1735 (ISO, 2004b),
respectively. The pH values were measured at ambient
temperature using the glass tip electrode of a pH meter
(pH Spear, Eutech Instruments Europe B.V., Lands-
meer, the Netherlands), by directly inserting the spear
into the PC samples in 3 randomly selected spots (in
each packaging).

The rheological analysis of the PC samples was
performed using a dynamic oscillatory shear rheom-
eter (RheoStress 1, Haake, Bremen, Germany) with a
plate-plate geometry (diameter 35 mm, gap 1.0 mm)
at 20.0 £ 0.1°C. Storage (G’) and loss (G") moduli
[determined as functions of frequency (w) ranging from
0.1 to 100.0 Hz| were monitored (shear stress amplitude
20 Pa). The complex modulus (G¥*) was calculated us-
ing the following formula:

G = @) +(@). (1]

Increasing G', G”, and G* indicated the growing gel
strength and firmness of the PC (Lee et al., 2004;
Cernikové et al., 2017). A frequency (w) of 1 Hz was
chosen as the reference for the presentation of G*. Win-
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ter’s critical gel theory was also implemented using the
following equation (Gabriele et al., 2001):

G (w) =Ap-w?, 2]

where Ay is the gel strength (Pa-s'/%) and z is the in-
teraction factor (defined as the number of structure
units interacting with one another in a 3-dimensional
network; unitless). The higher the interaction factor is,
the more interactions occur in the matrix of the sample
(Gabriele et al., 2001). Each sample was analyzed 3
times (3 repetitions x 3 samples; n = 9) and the results
were expressed as median + standard deviation.

A Jeol JSM-7401F scanning electron microscope
(Jeol, Tokyo, Japan) equipped with cryo-system ALTO
2500 (Gatan, Abingdon, UK) was used to study the
microstructure of the model PC and distribution of fat
globule size. Model PC samples were inserted in the
sample holder, frozen rapidly with slush nitrogen, and
transferred under vacuum to the cryo chamber of the
Alto 2500 system, which was connected to the micro-
scope. Here the sample was fractured at a temperature
of —135°C and a high vacuum (less than 10~ Pa).
Then, the sample was moved into the scanning electron
microscope cold stage and examined at —135°C. Each
image was analyzed using ImageJ software (National
Institutes of Health, Bethesda, MD). The photograph
of each model sample was analyzed to determine the
fat globule diameter (pm). Each sample was analyzed
twice (3 repetitions x 2 samples; n = 6) and the results
were expressed as median + standard error.

Kruskal-Wallis and Wilcoxon tests were used to
evaluate the obtained results (the significance level was
0.05). For the estimation of Ay and z, nonlinear regres-
sion analysis (the Marquardt-Levenburg method; Ap >
0 and z > 0) was used. For the comparison of the fat

globule distribution of samples with different rework
concentration, chi-squared test was used. Unistat 6.5
software (Unistat, London, UK) and Microsoft Excel
(Microsoft Corporation, Redmond, WA) were used for
the statistical analysis.

RESULTS AND DISCUSSION

The DM content of individual processes cheeses fluc-
tuated within a range of 36.31 to 36.68% (wt/wt; P
> 0.05), whereas the fat content was 16.3 to 16.5%
(wt/wt; P > 0.05). The basic chemical parameters
of the model samples are comparable; therefore, the
samples can be evaluated in terms of the effect of the
additions of various quantities of rework. The results
of the pH measurements for all the samples during
the 60-d storage period are listed in Table 1. Within
the scope of individual storage days, the pH values of
samples with various quantities of added rework were
comparable (P > 0.05). During the 60-d storage period,
there was a slight decrease in pH (P < 0.05), which was
observed for these types of model samples in several
works (Dimitreli and Thomareis, 2009; Weiserové et al.,
2011; Salek et al., 2015). The explanation could lie in
hydrolysis of phosphate salts or change of bonds of the
compounds present and in the change of their dissocia-
tion (Dimitreli and Thomareis, 2009; Weiserovd et al.,
2011; Salek et al., 2015).

The results of the elastic (G') and loss (G") moduli
for individual model samples are listed in Figure 1 for
d 1 and 60 of storage, at 6°C, contingent on oscillation
frequency (0.1-100 Hz). The rework is a PC produced
in the usual manner (i.e., with a completed emulsifica-
tion process) and already contains emulsifying salt; it
has the ability to influence the functional properties of
the resulting PC to which it is added during produc-
tion. According to Kaldb et al. (1987), the addition of

Table 1. Results of pH measurement of model processed cheese manufactured with addition of rework after 1 d (24 h), 7 d, 14 d, 30 d, and 60
d of storage and size of fat globules of model processed cheese after 60 d of storage

pH
Rework amount Size of fat
(% wt/wt) 1d 7d 14 d 30d 60 d globules (pum)
0.0 5. 5.61 + 0.03"" 5.60 + 0.04*" 5.56 + 0.02*" 0.92 + 0.09"
2.5 5. 5.60 + 0.03"" 5.60 + 0.02*" 5.51 + 0.03"¢ 0.84 + 0.06"
5.0 5 5.62 + 0.02""% 5.56 + 0.03"" 5.54 + 0.02""° 0.77 + 0.08°
10.0 52 5.62 + 0.03""® 5.58 + 0.02"" 5.51 %+ 0.03" 0.65 + 0.06"
15.0 5 5.64 + 0.02"" 5.61 + 0.03"% 5.52 & 0.02 0.54 + 0.05"
20.0 5.75 + 0.02"* 5.62 + 0.03"® 5.61 + 0.05"" 5.53 + 0.02*¢ 0.56 + 0.04"

*IMeans within a column (the difference between the amount of rework added) followed by different lowercase letters differ (P < 0.05); samples

stored during different times were evaluated independently.

ACMeans within a row (the difference between the storage time) followed by different uppercase letters differ (P < 0.05): samples manufactured

using a different amount of rework were evaluated independently.

Walues were expressed as mean + SD (for pH values; n = 9) and mean + SE (for size of fat globules; n = 6).
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rework at a maximum quantity of 4% (wt/wt) does not
affect the change in consistency of the final product.
On the basis of the results presented in Figure 1 and
the complex module (G*) values and the gel strength
values (Ay) listed in Tables 2 and 3, we can state that
the addition of only 2.5% (wt/wt) rework has a signifi-
cant (P < 0.05) effect on the change in consistency of
the resulting PC, whose firmness increases as a result
of the added rework. Furthermore, we can state that a
significant (P < 0.05) increase in firmness was observed
until the addition of 10.0% (wt/wt) rework. With the
addition of rework over 10.0% (wt/wt), the firmness of
the produced PC no longer increased significantly (P
> 0.05). Through a more detailed comparison of indi-
vidual model samples in Figure 1, we can say that, at
lower frequencies and on the first day after production,
PC produced without any addition of rework showed
higher values (P < 0.05) in the loss module (G") than
in the elastic module (G'). It is assumed that if the
values of G" > G', the intermolecular bonds in the
melt (protein network) have sufficient time to weaken
during the oscillation cycle. As the measurement fre-
quency increased, the curves of the elastic and loss
flexibility modules for a sample without added rework
intersected. That is because, at higher frequencies, the
intermolecular bonds no longer have sufficient time to
weaken, so the PC behaves more like a solid (Cunha et
al., 2013). A similar trend was also observed in PC with
2.5 and 5.0% (wt/wt) rework contents (Figure 1, A-C).
However, we must point out that the intersection of
both curves (G’ and G") moved to lower frequencies
(P < 0.05) as the rework content increased. Samples
with added rework of 10.0% (wt/wt) and more (Figure
1, D-F) behaved more like solids at lower frequency
measurements, as G’ > G”, which is characteristic of
densely interconnected biopolymeric networks (Cunha
et al., 2013). As the storage time lengthened, changes
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occurred in the matrix of the PC even without added
rework. G" and G" for d 60 of storage are also listed in
Figure 1. In the sample without added rework, the loss
flexibility module (G") once again prevailed at lower
frequencies (P < 0.05), and the intersection of both
curves (G" and G") occurred at lower frequencies than
the first day after production (Figure 1, A). Therefore,
at lower frequencies, the samples behaved more like a
fluid than a solid. All samples with added rework from
2.5 to 20.0% (wt/wt) behaved like solids after d 60
of storage, as their G’ showed higher values than G”
for the entire period of measured frequencies (Figure
1, B-F). The aforementioned results are supported by
the gel firmness values (Ap) and the interaction factor
(z) set forth in Tables 3 and 4. Gel firmness increased
significantly even when only 2.5% (wt/wt) of rework
was added (P < 0.05). At the same time, the value
of the interaction factor increased (P < 0.05), which
is evidence of the number of structural units interact-
ing with one another in the protein network, or more
precisely of the number of intermolecular bonds among
the proteins. Thus, the increasing firmness of the gel
was given by the increasing number of interactions in
the 3-dimensional system studied (Macku et al., 2008,
2009; Cunha et al., 2013). Generally, the increase in
the firmness of PC after the addition of rework was
also described by Kaldb et al. (1987), who also stated
that the firmest samples were ones with a “hot melt”
content (heated for a longer period without mixing),
whereas the softest samples were those without added
rework. The work of Kaldb et al. (1987) also involved
electron microscopy and stated that the greatest co-
alescence of fat occurred in hot melt samples. On the
basis of the aforementioned results, we can state that
regular PC with a creamy structure used as rework
has a different effect on consistency and microstructure
than rework in the form of an over-creamed product

Table 2. Values of complex modulus at reference frequency of 1 Hz (G*; kPa) of model processed cheese after 1 d (24 h), 7 d, 14 d, 30 d, and

60 d of storage using different amounts of rework

G*

Rework amount

(% wt/wt) 1d 7d 14d 30 d 60 d

0.0 0.49 + 0.02** 0.58 + 0.02*8 0.63 + 0.04¢ 0,70 + 0.04*" 0.79 + 0.04*"
2.5 0.73 + 0.04"* 0.91 + 0.03"" 1.02 £ 0.05" 1.07 £ 0.06" 1.19 £ 0.05"°
5.0 0.88 + 0.05°* 1.21 £ 0.05°% 1.32 + 0.08° 1.37 £ 0.05°¢ 1.38 £ 0.05°¢
10.0 1.09 + 0.04% 1.32 + 0.06"" 1.50 + 0.09"¢ 1.63 + 0.10"" 1.71 + 0.07*"
15.0 1.09 + 0.05"* 1.30 + 0.04" 1.54 + 0.10%¢ 1.61 + 0.06"¢ 1.79 + 0.07"°
20.0 1.07 + 0.05"* 1.36 + 0.06"" 1.57 £ 0.07%¢ 1.73 £ 0.12*° 1.78 £ 0.07*"

*IMeans within a column (the difference between the amount of rework added) followed by different lowercase letters differ (P < 0.05); samples

stored during different times were evaluated independently.

AB\eans within a row (the difference between the storage time) followed by different uppercase letters differ (P < 0.05); samples manufactured

using a different amount of rework were evaluated independently.
"Walues were expressed as mean & SD (n = 9).
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Figure 1. Dependence of the elastic (G'; full symbols; Pa) and the loss (G": open symbols; Pa) moduli of the processed cheese spreads (36%
wt/wt in DM content; 45% wt/wt fat in DM content) after 1 d (AA) and 60 d (®0) of storage at 6 & 2°C on frequency (range of 0.1-100.0 Hz).
(A) 0.0% (wt/wt) rework, (B) 2.5% (wt/wt) rework, (C) 5.0% (wt/wt) rework, (D) 10.0% (wt/wt) rework, (E) 15.0% (wt/wt) rework, and (F)

20.0% (wt/wt) rework.

with a delicate structure. The adding or replacing part
of the raw material with rework increases the firmness
and elasticity of the resulting product (Guinee et al.,
2004).

Apart from the interconnectedness of the protein
network evaluated by the interaction factor and gel
firmness, the different consistencies of the PC with the
addition of 2.5 to 10.0% (wt/wt) rework can also be ex-
plained by the varying sizes of the fat droplets (Figure
2 and Table 1). Statistically, the median value of fat
droplets (Table 1) in a sample without added rework
differed significantly from samples with added rework

(P < 0.05). Statistically, the addition of rework in a
concentration of 10.0 to 20.0% (wt/wt; during mutual
comparison) no longer significantly affected the size of
the fat droplets (P > 0.05). We could observe possible
correlation between compactness of protein network
and the gel strength (Ap) and also the interaction fac-
tor (z). With higher number of interaction factor we
find out more compact protein matrix. The addition
of rework affected the intensity of the emulsification of
the present fat, which was demonstrated by the reduc-
tion in the size of the fat droplets. As the degree of fat
emulsification grew, the firmness of the PC increased.

Table 3. Values of gel strength (Ay; kPa-s'/” where z is the interaction factor) of model processed cheese after 1 d (24 h), 7 d, 14 d, 30 d, and

60 d of storage using different amounts of rework

Ap

Rework amount

(% wt/wt) 1d 7d 14d 30 d 60 d

0.0 0.56 + 0.03™* 0.63 + 0.04"" 0.70 + 0.03"¢ 0.76 + 0.03*¢ 0.87 + 0.04""
2.5 0.83 £ 0.03"* 1.00 + 0.06"" 1.09 + 0.05"¢ 1.14 + 0.04"° 1.26 + 0.05""
5.0 0.94 + 0.04° 1.28 + 0.07°" 1.35 + 0.09°" 1.44 + 0.07°¢ 1.38 + 0.06°"C
10.0 1.12 + 0.07%* 1.39 £ 0.06"" 1.50 £ 0.07%¢ 1.60 + 0.09"¢ 177 £ 0.10°"
15.0 1.15 + 0.05%* 1.30 + 0.06°" 1.55 + 0.11%¢ 1.58 + 0.08¢ 1.85 + 0.09""
20.0 1.03 + 0.05%* 1.33 + 0.07%4B 1.50 + 0.05"¢ 1.62 + 0.09"° 1.73 + 0.09*"

*IMeans within a column (the difference between the amount of rework added) followed by different lowercase letters differ (P < 0.05); samples

stored during different times were evaluated independently.

AEMeans within a row (the difference between the storage time) followed by different uppercase letters differ (P < 0.05); samples manufactured

using a different amount of rework were evaluated independently.
"Values were expressed as mean 4 SD (n = 9).

Journal of Dairy Science Vol. 101 No. 4, 2018

189



REWORK ADDITION TO PROCESSED CHEESE

2961

Table 4. Values of interaction factor (z) of model processed cheese after 1 d (24 h), 7 d, 14 d, 30 d, and 60 d of storage using different amounts

of rework

Z

Rework amount

(% wt/wt) 1 d of storage 7 d of storage

14 d of storage 30 d of storage 60 d of storage

0.0 2.05 + 0.15™* 2.09 + 0.11™* 2.16 + 0.09"" 2.20 + 0.13*" 2.23 + 0.07*%C

25 2.23.410.12% 2.31 & 0.11"" 2.34 £ 0.09"" 2.42 +0.13"° 2.47 & 0.12"¢

5.0 2.27 £ 0.16"* 2.43 + 0.14"® 2.53 + 0.14°C 2.61 % 0.11°P 2.83 & 0.18°F

10.0 2.42 £ 0.09™ 2.48 + 0.15°* 2.86 + 0.10"" 2.93 + 0.15%8 2.71 £ 0.18°®

15.0 2,64 + 0.13°4 2.45 + 0.12°% 2.86 + 0.10"" 2.93 + 0.12° 2.68 + 0.13°*

20.0 2.50 + 0.14%* 2.56 + 0.13% 2.86 + 0.14"° 2.93 + 0.14%C 2.92 + 0.18'¢
*“Means within a column (the difference between the amount of rework added) followed by different lowercase letters differ (P < 0.05); samples

stored during different times were evaluated independently.
AE

using a different amount of rework were evaluated independently.
'Values were expressed as mean + SD (n = 9).

This phenomenon corresponds to the results of the
works of Kapoor and Metzger (2008), Lee et al. (2015),
and Cernikovd et al. (2017). With higher additions of
rework (above 10.0% wt/wt), no further changes in the
fat droplets or viscoelastic properties were observed in
our work. On the other hand, Kaldb et al. (1987), who
used block-type PC with a higher DM content (55%
wt/wt) for their experiment, observed structure and
consistency changes in products manufactured with the
rework content higher than 10.0% (wt/wt).

Means within a row (the difference between the storage time) followed by different uppercase letters differ (P < 0.05); samples manufactured

CONCLUSIONS

This work studied the effect of rework content at an
age of 72 h on the consistency of PC. It was discovered
that a lower quantity of added rework, up to 10.0% (wt/
wt), caused a gradual increase in the firmness of the PC;
simultaneously, the size of the fat droplets gradually
decreased, which results primarily from the improve-
ment of the emulsification properties as the amount of
rework added increases. As the rework concentration in

Figure 2. Scanning electron microscopy images of model processed cheese with different rework content. (A) 0.0% (wt/wt) rework, (B) 2.5%
(wt/wt) rework, (C) 5.0% (wt/wt) rework, (D) 10.0% (wt/wt) rework, (E) 15.0% (wt/wt) rework, and (F) 20.0% (wt/wt) rework. FG = fat
globule; FG* = removed fat globule; P = protein phase. Scale bar = 1 pm.

Journal of Dairy Science Vol. 101 No. 4, 2018

190



2962 CERNIKOVA ET AL.

the raw material composition increased further (from
10.0-20.0% wt/wt), the firmness of the PC no longer
increased, and the median size value of the fat droplets,
which was smaller than that in samples with less added
rework, also no longer differed significantly.
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