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Abstract

Cheese powder is manufactured by mixing melted cheeses with water and emulsifying salts (ES) to form
a homogeneous and stable emulsion, denoted cheese feed, until and during spray drying. The presence
of emulsifying salts influences several critical events, including pH adjustment, calcium chelation from
the casein micelle by exchanging sodium ions, consequent solubilization of proteins, and subsequent fat
emulsification. However, demands for reduction of sodium in foods makes production of cheese powder
without emulsifying salts desirable, hence new strategies for stabilization of cheese feed are needed. The
advantages of ohmic heating (OH) as heat treatment are considered an attractive option for the dairy
industry and so, the present study aimed at understanding the effect of this technology over the use of
conventional heating (CH) methods on the stability of cheese emulsions. Cheese powder dispersions with
no ES were prepared and processed with different conditions: electricity (OH or CH), temperature (85°C
or 60°C), and number of homogenizations. OH had a great impact on calcium diffusivity from the casein
micelle, which can be related to disturbances on charge organization within protein structure. Overall,
ohmic heating is an exciting opportunity to manipulate calcium partitioning between colloidal and serum
phase in cheese powder dispersions, and so it could be used to modulate protein functionality by affecting
casein micelle structural integrity. However, results indicated that ohmic heating alone is not sufficient to
reach the desired quality characteristics. Therefore, charge distribution of the proteins should also be

adjusted to an optimum value by other treatments.

Keywords: Ohmic heating, cheese emulsions, stability, calcium solubilization
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Abstract in Portuguese

O queijo em pé produz-se ao misturar intimamente queijos derretidos e sais emulsificantes (SE),
formando uma emulsao estdavel e homogénea, denominada "massa-de-queijo", mantida durante a secagem
por pulverizacao. Os SE influenciam diversos eventos criticos, incluindo ajuste do pH, quelacao de ides
calcio da micela de caseina e troca pelos de sbdio, solubilizacdo de proteinas, e emulsificacao de gordura.
Contudo, para reduzir o teor de sédio na comida, é desejavel produzir queijo em p6 sem SE. Por isso,
sd0 necessarias novas estratégias para estabilizacio da massa-de-queijo. O aquecimento 6hmico (AO)
é uma opcao de tratamento térmico atrativa nas lacto-industrias. Este estudo pretende comparar os
efeitos desta tecnologia e de métodos de aquecimento convencional (AC) na estabilidade das emulsdes.
Prepararam-se dispersoes de queijo em pd sem SE e processaram-se com diferentes condigdes: eletricidade
(AO ou AC), temperatura (85°C ou 60°C), e diferente niimero de homogeneizagdes. AO demonstrou ter
um grande impacto na difusdo de célcio da micela de caseina, o que poderd relacionar-se com perturbagoes
na organizacio de cargas na estrutura das proteinas. No geral, AO é uma oportunidade entusiasmante
para manipular a particao de célcio entre as fases coloidal e soltvel nas dispersées de queijo em po,
e pode ser usado para modular a funcionalidade das proteinas por afetar a integridade estrutural da
micela. Individualmente, AO parece ser insuficiente para alcancar as caracteristicas desejadas, pelo que

a distribuicao de cargas das proteinas deverd ainda ajustar-se ao valor 6timo através de outros tratamentos.

Palavras-chave: Aquecimento éhmico, emulsdes de queijo, estabilidade, solubilizagdo de célcio
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Chapter 1

Introduction

Cheese powder is a convenient flavouring agent that can be applied in a wide variety of food prod-
ucts [1], and its processing include cutting different kinds of cheese, adding water and emulsifying salts,
mixing, heat treatment, and spray drying. To obtain a stable, without protein precipitation or creaming,
homogeneous and pumpable emulsion, named cheese feed, before atomisation, emulsifying salts (ES)
are introduced due to their pH adjustment and calcium sequestering abilities, which removes a large
portion of calcium attached to the casein micelle and replaces it by sodium. This event breaks intra- and
inter-casein molecular cross-links and increases negative charges. Consequently, a more open reactive
casein conformation is favored, with superior water-binding capacity than natural cheese, leading to fat
emulsification [2, 3]. Nonetheless, dairy producers are under increasing pressure from health conscious
consumers to reduce or remove salt in their products, and there is also an increasing interest in the
production and application of natural food ingredients, which can lead to “clean labelling” of the final

food products. Hence, new strategies for stabilisation of cheese feed without ES are needed [4].

Optimization of processing parameters may improve emulsion stability during production of processed
cheese, and so, similar effects could be expected on the stability of cheese feed [5]. The heat treatment
step present in cheese powder production, responsible for melting, is one of the processing conditions
that has a major effect on the calcium equilibrium, which can interfere with the casein conformation and
aggregation state. Usually, high temperatures lead to a decrease in diffusible calcium from the micelle,
due to its precipitation [6], which has a negative effect in protein solubilization and fat emulsification.

Therefore, new heating systems should be tested to evaluate their effect on emulsion stability.

Ohmic heating (OH) is considered an emerging processing technology that is able to overcome the
problems that arise from the use of conventional heating. These last methods, despite being the most
used to ensure microbial safety, can lead to overheating of foods, which consequently causes loss of
nutritional compounds and sensory changes [7]. Since OH is a process wherein electric current passes
through materials, the increase in temperature is due to internal energy transformation (from electrical to

thermal), leading to a rapid and uniform heating of the food, when compared to the traditional methods



[8, 9]. Besides ensuring nutrient retention capacity and sensory attributes, this technology is easier
to control, presents a great variety of designs, and is more energy efficient and environmental friendly.

Hence, the use of this new technology as a heat treatment is an attractive option for the dairy industry [10].

1.1 Thesis aim and hypothesis

The overall aim of the present study was to evaluate the effect of ohmic heating on colloidal stability
of cheese powder dispersions. The use of electricity and process parameters, such as frequency and electric
field, may influence casein micelles and protein conformational structures [11], as well as the equilibrium
between the soluble and insoluble calcium. Hence, as OH influences ionized materials, we hypothesize
that its usage may increase the diffusibility of calcium, even at high temperatures, present in the micelle,
solubilizing the proteins, which can then emulsify the fat droplets, allowing the manufacture of a stable
emulsion without addition of emulsifying salts. Due to being more convenient and ready-to-use, the
experiments were done on cheese powder dispersions to mimic the cheese feed formed during production.
The samples were then processed using OH and conventional heating and the stability was characterized
through different parameters, such as particle size distribution, rheology, and physical stability, and the
microstructure was evaluated by confocal laser scanning microscopy. The calcium, protein and fat content
of the sediment and serum phases after processing were analysed. No other study has been reported
regarding the use of this emerging technology on cheese feed stability, making this investigation a first
step to obtain a knowledge platform that provides understanding on the possible effects of OH on cheese

feed, and in the future, in powder properties and functionality.

1.2 Thesis outline

This thesis is organized according to Figure 1.1. Chapter 2 gives a brief overview about the history of
cheese, and cheese manufacture, as well as the components that make up this product. It allows the reader
to gain knowledge regarding the topic so that it is easier to understand the experience and to interpret
the results obtained. Chapter 3 concerns the experimental procedure of this project, where the materials
and the experimental and analytical methods used are explained. In Chapter 4, the results obtained are
presented and explained, and one can evaluate the effect that ohmic heating has on the stability of cheese

powder dispersions and on the diffusibility of calcium, protein solubility, and fat emulsification.
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Chapter 2

State of the art

“Cheese. The adult form of milk. Hard and soft; new, mature, and overripe. Graced with a spectrum

of smells from wispiness to shocking assault upon the nostrils.”

Richard Condon, A Talent for Loving, 1961

2.1 Cheese

2.1.1 History

For us, that live in the twenty-first century, it is quite hard to imagine how such an important and
popular product as Cheese was not part of the day-to-day life. The actual time and place of the origin of
cheese and cheesemaking is unknown, however, new advances in a diversity of fields of research have led to
new insights into humanity “s earliest experiences with cheese [12]. It is commonly believed that it started
around 8,000 years ago, in a region known as the “Fertile Crescent” between the Tigris and Euphrates
rivers, in Iraq, during the “Agricultural Revolution”, a period characterized by the cultivation of plants and
domestication of animals. Despite being the dominant dairy species in most part of the world nowadays,
cattle were not the first dairy animals being domesticated. Goats and sheep were small, gregarious, and
easily herded, used mainly to supply meat, hides and wool [13]. Humans soon realized the nutritive value

of milk produced by these animals, and dairy products became important components of the human diet [14].

It is thought that the first fermented dairy foods may have been produced accidentally. Milk is a rich
source of nutrients for contaminating bacteria, being some of them known as lactic acid bacteria (LAB) as
they use the sugar, lactose, as a source of energy, producing lactic acid as a by-product. Bacterial growth
and acid production most likely occurred in milk during storage or to dry milk due to the dry climate,
to produce a more stable product. When a certain amount of acid is produced, caseins, the principal
proteins in milk, coagulate at ambient temperature, around their isoelectric point (pH 4.6), forming a gel

in which the fat and aqueous phases of milk are entrapped. This acid-induced milk gel is quite stable



when left undisturbed but, if broken, due to the movement of storage vessels, for instances, it separates
into curds and whey. The first ones could be consumed fresh or stored for future use, while acid whey is a

refreshing drink to be consumed immediately [14].

Lactic acid produced in situ is believed to have been the original milk coagulant, but proteolytic
enzymes were also recognized as an alternative mechanism. It started with the practice of storing milk in
stomachs of animals, before the development of pottery, as these provided a ready-made, easily sealed
containers. As the stomach contains enzymes, such as chymosin and some pepsin, known as rennet, milk

would extract them from the tissue, leading to its coagulation during storage [14].

The conversion of the principal constituents of milk to cheese brought some advantages in terms of
storage stability, easiness of transport, and diversification of the human diet, which led to the parallel
spread of cheese manufacture and civilization throughout the Middle East, Egypt, Greece, and Rome.
This is proven by the several references in the Old Testament to cheese, e.g., Job (1520 BC, where Job
remarks to God “ did Thou not pour me out like milk and curdle me like cheese”; Job 10.10). Milk and
dairy products formed an important part of the diet of people of the Near East during Biblical times.
Furthermore, cheese is represented in the tomb art of Ancient Egypt and in Greek literature [14], e.g.
Homer (1184 BC) and Aristotle (384 — 322 BC) [13]. In this last country, it was used in the basic daily
Greek meal, but also enjoyed in the form of cheesecake by the aristocracy during the symposium, or
drinking party [15]. In Classical Rome, cheese manufacture was well established, and this ingredient was
included in the rations of Roman soldiers. The movements of Roman armies and administrators promoted
the spread to cheese throughout the world, and the migrations of people throughout Europe after the fall

of the Empire led to the expansion of cheese manufacture [13].

Nonetheless, the major contributors to the development of cheese “technology” and to the evolution of
cheese varieties during the Middle Ages (5" to the 15" century) were the monasteries. Along with the
spread of Christianity and expansion of knowledge, the monasteries highly contributed to the advancement
of agriculture in Europe and to the development and improvement of food commodities, such as wine,

beer, and cheese [14].

The 17" century arguably marked a turning point in the history of cheese, giving rise to the last step
in the diffusion of cheese worldwide. This resulted from the explosive growth of urban populations in
rapidly expanding cities, the establishment of global trade networks by major European powers as they
competed to colonise North and South America, Oceania, and Africa, and from the scientific advances
that stimulated the scientific and industrial revolutions [12, 14]. Afterwards, cheese became an item of
considerable economic importance in a number of these countries, notably the USA, Canada, Australia,

New Zealand, and Argentina [14].

Nowadays, there is a highly efficient, large-scale, technology-intense industrial manufacture in most of



the world “s cheesemaking regions, but the production of hand-crafted artisanal cheeses on small scales

using traditional practices still persists in specific geographic regions [12].

2.1.2 Manufacture

With this being said, cheese production has a long history which is reflected in the diversity of cheese
varieties and in the wide range of technologies used for their manufacture [16]. Most varieties evolved
by accident due to particular local circumstances, such as the breed of the dairy animal, the chemical
composition or microflora of the milk supply, or the growth of moulds during storage. These accidents
were then incorporated into the manufacturing protocol, which has undergone a series of evolutionary

changes and refinements over time [13].

Cheese is considered the most diverse, interesting, and challenging group of dairy products. These
last are biologically and biochemically stable if properly manufactured and stored, whereas cheeses are

considered dynamic, undergoing changes in flavour, texture, and functionality [17].

Cheesemaking can be subdivided into two phases, manufacture, and ripening, both involving a complex
series of consecutive and simultaneous microbiological, biochemical, and chemical events. It may lead to
products with the desired flavours, physicochemical characteristics, functional properties, and structure,
when balanced, or off-flavours, when unbalanced events happen [17]. The manufacture step corresponds
to a dehydration step in which the fat and protein present in milk are concentrated to different degrees
depending on the cheese variety. It determines the nature and quality of the finished cheese. In its
turn, it is during the ripening phase that the characteristic flavour and texture of the individual cheese
varieties develop. In general, a similar raw material, milk, is subjected to a manufacturing protocol, whose
general principles are common for the majority of cheese varieties, demonstrated in Figure 2.1, making it

fascinating how such a diverse range of products is created [14].

2.1.3 Milk

As cheese is a dairy product, it all starts from milk, which is a fluid secreted by the female of all
mammals that provides all the nutritional requirements to the neonate of the species. Therefore, this
complex oil-in-water (O/W) emulsion supplies energy through fat and sugar (lactose), amino acids from
proteins, vitamins, minerals (soluble and insoluble) and water. It also contains minor constituents that
serve physiological functions, including antimicrobial systems (immunoglobulins, lactoperoxidase, lactofer-
rin), enzymes and inhibitors, cell growth and control factors [18-20]. The milk of the principal dairying
species (cow, goat, sheep, and buffalo), and the human milk are very well characterized, but for this thesis

the bovine milk was considered.



Milk

o Selection
o Pre-treatment
o Standardization
Cheese milk
o Acidification
o Coagulation
Gel (coagulum)
o Cutting
o Heating
o Stirring
o Draining
Curd
o Cheddaring
o Pressing
o Moulding
o Salting
Fresh Cheese
o Ripening
Matured Cheese

Figure 2.1: Flow diagram of the main steps in cheesemaking. Variations are done to produce different

types of cheese.

From a cheesemaking point of view, the proteins of milk are its most important constituents and
belong to two main categories: the whey proteins and the caseins. Whey proteins consist of four main
types — B-lactoglobulin (5 - Lg), a-lactalbumin, immunoglobulins, and bovine serum albumin (BSA), and
they exist as globular soluble proteins [19, 21]. The fact that whey proteins are denatured by heat and
acidity is technologically exploited in the production of whey cheeses, as in Ricotta, and smooth-textured

cheeses as Quark [21].

Caseins comprise approximately 80% of the protein content in milk. There are four primary casein
molecules a1, ag2, 8 and k-casein, and the mass proportion in milk is 30, 10, 36 and 16%, respectively.
These four present different amino acid sequences and exhibit distinct behaviour due to post-translational
modifications (phosphorylation for all caseins and glycosylation for k-casein) [22]. In their native form,
the caseins, together with small ions of calcium and phosphate (colloidal calcium phosphate - CCP) form
aggregates of several thousand individual protein molecules with an average diameter of 200 nm, known
as casein micelles [23, 24], constituting stable and highly hydrated particles [25]. They are synthesized in

vesicles within the secretory cells of the mammary gland and then expressed by exocytosis of the vesicles [25].



Regarding the structure of the micelles, the interior is thought to be mainly occupied by as1, o
and (-caseins, as these contain a higher amount of serine phosphate residues, which causes them to bind
calcium and calcium phosphate strongly. Herewith, these molecules are considered calcium-sensitive
caseins and precipitate at relatively low calcium concentrations, including the calcium level present in
milk. In turn, x-casein is located at the surface, with its hydrophobic region inside the micelle, and its
glycosylated hydrophilic tail protruding outside, as Figure 2.2 demonstrates. The stability of the micelles
is provided by protein-protein hydrophobic interactions, the negatively charged tail of x-casein, that repel
micelles from each other, and the protein-chain cross links mediated by the CCP that held the micelles
together [20, 26, 27].
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Figure 2.2: Schematic representation of a micelle structure. The ag;, ago, S-caseins are represented in
orange and attached to the calcium phosphate nanoclusters, the grey spheres. Some [-caseins, shown in
blue, hydrophobically binds to other caseins. The green spheres together with the black line represents
the para-k-casein and its macropeptide chain on the outermost parts of the surface. The blank spaces

represent the water channels within the structure. Reproduced from [25].

Another important milk constituent are lipids, existing in an average of 3.5 g/L in bovine milk.
Triglycerides correspond to the predominant type of lipids present in milk, also existing diglycerides,
monoglycerides, fatty acids, phospholipids, sterols (mainly cholesterol) and trace amounts of fat-soluble
vitamins (A, D, E and K). Fat exists as globules of 0.1 - 20 pm in diameter, surrounded by a structured
membrane referred to as the milk fat globule membrane (MFGM), consisting mainly of phospholipids and

proteins, which allow the emulsification of lipids in milk [20].

In its turn, salts of milk, despite being quantitatively of minor constituents, they are of major signifi-
cance to its technological properties. Regarding cheesemaking, calcium and phosphate represent the most
important ones. The calcium in milk exists in a dynamic equilibrium between the soluble forms (free

calcium ions and soluble undissociated calcium complexes with phosphate and citrate) in the aqueous phase



and the insoluble form, associated, as seen, with the casein micelles, forming the CCP. The precipitation
of calcium phosphate to form these nanoclusters is largely influenced by pH and temperature. Decreases
in pH usually cause partial solubilization of CCP, while high temperatures leads to a decrease in calcium
solubility, leading to the formation of heat-induced CCP, and so, the occurrence of these events throughout
cheese manufacture causes an equilibrium between the soluble and insoluble calcium. This equilibrium is
commonly termed the "calcium equilibrium" of cheese, and can be disturbed by alteration of manufacturing

steps [28].

Herewith, cheese composition is strongly influenced by the milk content of fat, protein, calcium, and
pH, which is a critical factor in several aspects of the manufacture and ripening of cheese curd. In turn,
these constituents of milk are related with the species, breed, individuality, nutritional status, health, and
stage of lactation of the producing animal. When selecting the milk, one should avoid the presence of
chemical taints and free fatty acids, as these can cause off-flavours in the cheese, and antibiotics which
inhibit bacterial cultures. Furthermore, the milk should be of good microbiological quality, in order to not

cause defects or public health issues [29].

2.1.4 Pre-treatment of milk

The majority of the manufactures include a pre-treatment step to improve consistency and for safety
reasons. Consistency is one of the most important attributes in the manufacture of quality products.
Despite the cheese moisture content and so the amount of protein and fat being determined by the
cheesemaking process, the fat:casein ratio results from the fat:casein ratio present in milk [21, 29]. As
seen before, the milk components vary in composition, making standardisation crucial, once it maintains
compositional uniformity between batches of cheese manufacture, which is important to attain a desired
composition of the cheese. This can be achieved through centrifugation of the raw milk, that separates
into skim milk and cream. The first is then combined with whole milk or the cream to obtain the desired

level of casein and fat [17, 30].

To minimize the health hazards associated with pathogens, pasteurization has been included as a
pre-treatment method. The high temperatures at which milk is exposed, as well as the relatively short
time (72 °C; 15s is the standard practice), allows to kill microorganisms and to inactivate some enzymes.
The process of pasteurization alters the indigenous microflora of milk which enables the quality of cheese

to be more uniform [14, 17, 31, 32]

Afterwards, milk is transferred to vats (or kettles) that can vary in shape, size and be open or closed,
and is converted to cheese curd, a process that involves three basic operations: acidification, coagulation,

and dehydration [29].



2.1.5 Acidification and coagulation

The coagulation of caseins is an essential step in the manufacture of all cheese varieties, where a gel that
entraps the fat is formed. It can be achieved by three possible methods: acidification by a starter culture
or acids, and proteolysis using enzymes such as rennet, or by heat/acid coagulation [17]. These ways were

used to basic categorise the cheeses into acid-coagulated, rennet-coagulated or heat/acid-coagulated.

Acidification can be achieved as a consequence of two methods. One consists in the in situ production
of lactic acid through the fermentation of the milk sugar, lactose, by lactic acid bacteria. It previously
relied on the indigenous milk microflora to produce acid, but the rate of acidification was unpredictable,
which would lead to different qualities of cheese [21]. While this traditional technique is still being used
for certain artisanal varieties, selected cultures of LAB, also known as starter cultures, were introduced

and have been progressively improved and refined, being globally used in industrial cheesemaking [21, 29].

The alternative method consists in using acid, usually lactic or HCI, or acidogen, such as gluconic
acid-d-lactone. Despite being more controllable than biological acidification, the use of starter bacteria
also provides important functions during the ripening process. Therefore, chemical acidification is mainly

used for cheese varieties for which texture is more important than flavour [29].

The manufacture of acid-coagulated cheeses is based on the property that caseins are insoluble at
their isoelectric point (pH 4.6) forming a gel in which fat is entrapped. Acidification leads to a number
of physicochemical changes that promote hydration/dispersion or dehydration/aggregation effects on
the casein micelle. The ratio of these effects changes with the reduction of pH, as the onset of coagula-

tion occurs at pH 5.1, and a further reduction to 4.6 leads to the formation of a continuous gel structure [21].

The production of acid at the appropriate rate and time is a key step in the manufacture of good
quality cheese, and besides acting as coagulant, as previously referred, it also plays a number of important

roles [21, 29, as it:

Affects the denaturation and retention of coagulant in the curd

e Controls the growth of many non-starter bacteria in cheese

o Influences the activity of enzymes during maturation, affecting both the cheese flavour and quality
o Affects the dissolution of CCP, helping to determine the level of calcium in the cheese curd

e Promotes gel syneresis

The second corresponds to a traditional coagulant used in cheese manufacture. Rennet is primarily
made up of the enzyme chymosin, an acid proteinase, also containing other enzymes such as pepsin, but
in smaller quantities. The conversion that milk undergoes during rennet coagulation can be classified as a

two stage process [17].

10



The primary phase of the rennet action involves the production of para-x-casein and glycomacroproteins.
The hydrolysis of the s-casein at the Phejgs-Metqgg site, which is several times more susceptible to acid
proteinases than any other peptide bond in the milk system, releases the highly charged, glycosylated
hydrophilic region, representing the C-terminal of x-casein, which protrudes from the micelle surfaces, de-

stroying the principal micelle-stabilizing factors (electrostatic and steric) and their colloidal stability [17, 26].

The second phase is a non-enzymatic stage that involves the aggregation of the casein micelles, which
will lead to the formation of a rigid, water insoluble gel like network, usually known as curd. This depends
on the concentration of Ca?t, which may act by crosslinking micelles via serine phosphate residues or by

charge neutralization. [17, 33, 34]

A small group of cheeses are produced by a combination of heat and acid, being Ricotta the most
known and most important member of this group. They are typically fresh soft cheese varieties, just
as acid-coagulated cheeses, but the coagulation of milk usually occurs at higher pH (> 5.2) and at

temperatures higher than 75°C [35].

The fat globules, previously dispersed in the milk, become surrounded by the casein as the coagulum
forms, being trapped together with serum, which is called whey and contains the water soluble components,

including, lactose, minerals, and whey proteins [36].

2.1.6 Post-coagulation processes

Afterwards, the gel is subjected to a variety of treatments that can be generically classified as dehydra-
tion with the purpose of removing whey from the gel and to concentrate the casein, fat and micellar calcium
phosphate to the desired degree according to the cheese variety [17]. The coagulated gels are quite stable
when left undisturbed but when cut or broken or subjected to external pressure, a process called syneresis

is enhanced. This consists in the squeezing out the whey, due to the para-casein matrix contraction [17, 37].

Syneresis allows the cheesemaker to control the moisture content of the cheese and, consequently, the
activity of microorganisms and enzymes, the biochemistry of ripening and the composition, stability, and

quality of the finished cheese [38].

The variety of treatments exploited by the cheesemakers include:

Cutting: after the gel attains sufficient firmness, it is cut with special knives. This process allows to
increase the rate of syneresis, once the smaller the curd pieces, the greater the surface area available for

loss of whey and the lower the moisture content [38].

Cooking: The curd/whey mixture is stirred, heated and, eventually, separated. The cooking of the

mixture plays a role in the control of syneresis by influencing curd shrinkage and acid development [32].
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The time and maximum temperature of heating is characteristic of the variety and governs the moisture
content and consistency of the curd before it is made into cheese [38, 39]. For most varieties, cooking is
performed by circulating steam or hot water through the jacket of the cheese vat. During cooking, the
mixture is stirred with the purpose of facilitating the cooking, preventing the curd pieces from matting
(strong negative effect on syneresis), and promoting syneresis, which is directly proportional to the intensity

of stirring [38].

Draining: process used to separate the curd from the whey [30].

Shaping: After removing the whey, the curds mat to form a continuous mass. The treatment of this
mass varies according to the type of cheese intended to be formed and may involve pressing, turning, and

pilling blocks of curd, traditionally known as Cheddaring, and inverting the mass of curd in the moulds [38].

Salting: The addition of salt presents several functions in cheese. It preserves it, enhances safety, con-
tributes to flavour (saltiness), and impacts the overall quality of cheese, due to its effects on water activity,
microbial growth, protein hydration within the gel matrix, and enzymatic activities. These last, in turn, in-
fluence biochemical changes and the development of texture and flavour. The contribution of salts depends

on the amount and the method of addition of salt, the variety of cheese, and the ripening conditions [40, 41].

At the end of the manufacture process, one ends up with fresh cheese, which are mostly produced by
acid-coagulation. Rennet-coagulated cheese goes through the most crucial technological step in cheese
manufacturing, ripening (maturation), as the unique characteristics of the individual cheeses develop
during this process [40, 42]. Due to several biochemical events, including glycolysis, proteolysis, and
lipolysis, there is a change in composition and structure, and the rubbery and tasteless curd is transformed
into a desirable cheese with a characteristic appearance, taste, and aroma [21]. Ripening can last for a

period of 3 weeks to over two years, and the duration is inversely related to the moisture content [29, 36].

2.1.7 Cheese varieties

“There is a cheese for every taste preference and a taste preference for every cheese” [43] is a sentence
that demonstrates the great range of cheese varieties that can be produced from a limited amount of raw
materials (milk, starter cultures, coagulant and salt) [44]. Despite the number of cheese varieties produced
worldwide not being known yet, it is believed to exist more than 1000, and a number of attempts have

been made to classify them, in order to facilitate their study [21, 44].

The classification of cheese varieties exploits certain characteristics of the cheese, as the texture, method
of coagulation and ripening indices. The arrangement according to texture is based in the rheological
properties, more precisely on the moisture content of cheese, and these are classified as very hard, hard,
semi-hard and soft cheeses . Although this is widely used, it suffers from a serious drawback since it

groups together cheeses with extensively different characteristics and manufacturing protocols. Regarding
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the method of coagulation, being one of the fundamental events in cheese manufacture, it is considered a
clear primary criterion for classification, Figure 2.3. Cheeses can be integrated into three “super-families”:
rennet, acid, and heat/acid cheeses. Rennet-coagulated cheeses are the most major international varieties,
representing around 75% of total cheese production and almost all ripened cheeses. In their turn, acid-curd
cheeses represent 25% of total cheese production and are usually consumed fresh. Coagulation by a
combination of heat and acid is used for a limited number of varieties. Lastly, the possibility of classifying
cheese according to the extent of chemical breakdown during ripening was presented, but it is still not
possible to do so reliably, due to the dynamic system that is ripening, and so the age at which the cheeses

are fingerprinted creates a major problem of definition [16, 44].

Camembert cheese was the one used in this present project. It was originated in Normandy, France, in
the 18t century. As Figure 2.3 indicates, it is a surface mould-ripened cheese variety, which are generally
soft cheeses characterized by the growth of the white mould Penicillium camemberti on the surface of the
cheese. During ripening, these cheeses soften from the surface towards the centre, which often leads to a

spreadable, almost fluid, consistency [44].
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Figure 2.3: Schematic representation of cheese varieties. 13 super-families characterize cheese based
on the method of coagulation used. Further sub-categorization is done based on the principal ripening
agent and/or characteristic technology. Camembert is a rennet-coagulated surface-mould ripened cheese.

Reproduced from [44].

2.1.8 Cheese consumption and benefits

World production of cheese is about 17 Mt per year, being Europe the principal production region,

followed by North America [3]. The advancements made in cheese production regarding the isolation and
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characterization of the principal constituents of milk, the microbiology of raw milk, the mechanism of
coagulation, among other factors, allowed the production of cheese with the desired functionality and
nutritional value. There has been a consistent increase in consumption of cheese in most countries, due
to its functional properties such as diversity of flavours and textures, appearance, mouthfeel, adhesive

properties, and long shelf-life [45-47].

Cheese popularity is also a result of being considered a nutritious and versatile food, that plays an
important role in a healthy diet. The precise natural composition varies among types of cheese, but
generally, this ingredient contributes with a significant amount of both saturated and total fat to the diet.
It also has a protein content ranging from 3 to 40%, depending on the variety, being a source of numerous
bioactive peptides with important properties, including anti-microbial, anti-inflammatory and antioxidant.
Furthermore, cheese is a good source of vitamin A, riboflavin, and vitamin B12, as well as a good source

of bioavailable calcium, phosphorus, and magnesium [48].

Furthermore, cheese presents a great flexibility in use [3]. The natural cheese produced is generally
consumed as table cheese, which means it is eaten on its own or as an accompaniment to bread during
a meal. However, the volume of cheese used as an ingredient in the preparation of culinary dishes has
substantially been increasing over the years, giving rise to the commercial use of the terms, ingredient

cheese and cheese ingredient [49].

The production of ingredient cheese involves alterations in the manufacture protocol, so that one can
obtain cheese with targeted functionalities designed to optimize its quality as an ingredient in specific
applications. The functionalities of the unheated and heated cheese are key quality determinants of
ingredient cheese, as these allow the cheese to be included in a vast range of dishes, including desserts,

salads, sauces, lasagne, among others [49].

In turn, cheese ingredients derive from natural cheese subjected to secondary processing treatments,
which can be minimal (drying and grating) or more extensive (heating, shredding). They are used as
flavourings in an extensive array of snack and formulated food products. Cheese powder, which is the

main topic of this study, is included in this category [49].

2.2 Cheese powder

Cheese powders are dehydrated cheese products, which are industrially-produced cheese-based ingredi-
ents, with major economic importance due to their widespread use as flavouring agents and nutritional
supplements in ready meals, sauces, creams, soups, bakery products, pasta dishes, among others [1, 46].
Several factors favour the use of cheese powders over natural cheese. The convenience is one of them.
Powders can be easily applied to the surface of snack foods or incorporated into food formulations, whilst

natural cheeses require size-reduction. The lower water activity of powders allows them to have a longer
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shelf-life, and to be stored for long periods of time without alteration or deterioration of quality. Lastly,
cheese powders can provide a greater diversity of flavours, due to the use of different types of cheese [49].
Nowadays, over 100 varieties of cheese powder can be found in the market and can be produced using a
wide range of cheeses, including Cheddar, Danbo, Camembert, Gouda, and Emmental. These powders are
formulated by either a combination of several of those cheeses, or just by the use of a single one, producing

a pure cheese powder [50, 51].

2.2.1 From cheese to powder

The manufacture of cheese powder essentially involves the four main steps below [2, 46, 49, 52]:

i. Determination of the blending formulation. This consists mainly of comminuted natural cheese,
water, emulsifying salts, and, optionally, different additives, including dairy ingredients, starch, flavours
enhancers, antioxidants, colouring agents, and filling agents, including whey, skim milk solids, maltodex-
trins. The types and levels of ingredients included are determined by the type of cheese powder intended

to be produced, natural or extended, the flavour required, and its application.

ii. Processing of the blend. This refers to the heat treatment of the blend, usually by direct or indirect
steam injection while constantly agitating. The blend is processed until the emulsion formed is homoge-
neous in colour and consistency and free of lumps and non-hydrated material. Processing constitutes an
important step as it kills any potential pathogenic microorganisms, extending the shelf-life, and eases the
physico-chemical and microstructural changes that transform the blend into a stable oil-in-water emulsion,

named cheese feed.

iii. Homogenization. This technique is optional but is commonly practiced ensuring homogeneity and

to promote a finer dispersion of fat droplets, leading to a smoother and creamier hot blend.

iv. Spray drying of the cheese feed. The design of the drier and operation conditions influences the

physical and the flavour characteristics of the cheese powder.

Regarding this last operation, spray drying is a suspended particle processing technique and has
become one of the most important methods for drying fluid foods (milk, whey, coffee, and infant formula)
[563]. This method involves the atomization using either a rotary (wheel) or a pressure nozzle atomizer of
the cheese feed into droplets by spraying, followed by the rapid evaporation of the sprayed droplets into

solid powder by hot air at a certain temperature and pressure [47, 54].

There are different spray dryer processes (single stage or two stage, for instance) and equipment
configurations (tall-form, filtermat, silo-form) that can be used in food powder production [49], as Figure
2.4 display. However, single- and two-stage spray dryers are more commonly used for dairy products. In

the first one, the product is dried to the final moisture content in the spray drying chamber and can be
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characterised as single powder particles with high bulk density. The two-stage drying combines initial
spray drying with a second stage in which the final moisture content is obtained. The feed enters the
drying chamber via a set of high pressure nozzles and the air flow patterns in the drying chamber directs

the particles to the second drying, which can be a fluidized bed or a belt dryer [1, 47, 55].

Spray Dryer - Pneumatic Transport

I Heater Il Drying Ducts V Cyclone VIl Atomizer

Filtermat Dryer Il Drying Cabinet IV Feed Pump VI Fan VIl Compressor

Multi Stage Dryer

B

Figure 2.4: A) Various types of spray driers. Reproduced from [56]. B) Schematic representation of a

spray dryer, specific for co-current mode operation. Reproduced from [57].

Powder is then cooled and recovered from the exhaust air, using a cyclone separator, bag filter, or a
wet scrubber, and packaged [13, 47]. The design of the drier, as well as the operating conditions, such as
the atomizer type and pressure, direction of air flow, air inlet and outlet temperature and air humidity,
must be optimized and determined based on the feed, the product being produced, and the purpose, so

that undesirable physical, chemical, and biochemical transformations do not occur [13, 58].

2.2.2 Powder properties

The final quality of cheese powder can be evaluated through different properties with significant inter-

relationships between each other, that can be divided into physical, chemical, and functional properties.

The first two are related to the feed composition (physicochemical characteristics, viscosity, thermos-
sensitivity, availability of water, and flow behaviour), and also to the spray drying conditions applied
(type, nozzle/wheels, pressure, agglomeration, and thermodynamic conditions of the air). A few of the
physical and chemical properties correspond to particle size distribution, moisture, composition, water

activity, colour, thermos-stability, free fat, microstructure [59].
Powder functional properties are related to its final application. These include instant, foaming,

reconstitution, and emulsification, and are directly influenced by the combination of physical and chemical

properties [59].
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Previous studies [1, 50, 60] determined the effect of various compositional parameters, such as the
cheese age, the addition of dairy ingredients, the spray drying conditions, on the final quality of cheese
powders. However, the study on the effects on the cheese powder manufacturing properties, i.e. the

characteristics of cheese feed, as stability, rheology, microstructure, and homogeneity, is very limited [51].

2.3 Cheese feed

The manufacture of cheese feed deconstructs the casein network of natural cheese, in order to solubilize
the protein, enabling it to bind the free water and emulsify the free fat released during heating and

shearing, forming a concentrated oil-in-water emulsion [2].

Emulsions are defined as colloidal systems composed of two immiscible liquids, where one forms
the continuous phase of the system, and the other is dispersed in droplets. Oil-in-water emulsions are
employed in a wide range of areas such as food, pharmaceutical, cosmetic, among other industries, as a

result of their ability to transport or solubilize hydrophobic components in a continuous water phase [61-63].

The process that allows the mixing of two immiscible liquids into a single one is called homogenization
and is usually achieved by applying intense mechanical agitation, using, for instance, a high shear mixer,

high pressure valve homogenizer, an ultrasonic homogenizer, as well as other techniques [64, 65].

To form cheese feed, different types of natural cheeses are added together with water, emulsifying salts
(ES), and, optionally, with other additives, including dairy ingredients, starch, maltodextrins, flavours
enhancers, antioxidants, and, sometimes, colouring agents [1, 52, 66]. The cheese emulsion that results
from the processing is required to be homogeneous, uniform, stable (without protein precipitation and

cream separation) and pumpable, until and during spray drying [4, 67].

2.3.1 Emulsion stability

Emulsion stability is the ability to resist changes in its physicochemical properties over time, and it is
always important to identify the main physical and/or chemical mechanism responsible for the instability,
so that it is possible to determine the most effective strategy to improve it [65]. Food emulsions may
become unstable and the water and oil phases may separate due to different physicochemical mechanisms,
that are often interrelated with each other, such as gravitational separation, flocculation, coalescence,

Ostwald ripening and phase inversion [64], Figure 2.5.

Gravitational separation is the most common instability mechanism and includes both the creaming
and the sedimentation processes. The density of the droplets present in an emulsion is different from that
of the liquid that surrounds them, and so a net gravitational force act upon them. Therefore, in creaming,
the droplets move upward, once they present a lower density compared with the surrounded liquid, while

in sedimentation, the droplets move downward, due to the opposite reason. In oil-in-water emulsions, the
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droplets tend to cream, once edible oils (in their liquid state) present lower density than that of water [65].

Flocculation is the process where two or more droplets aggregate with each other, while maintaining
their initial integrity. The tendency for droplet flocculation to occur depends on the balance of attractive
and repulsive forces acting between the droplets: if the attractive interactions dominate the long-range
repulsive interactions, but not the short-range repulsive interactions, droplets remain close together

(flocculate), but do not merge into each other [65].

Coalescence is the process where two or more droplets merge together to form a single larger droplet,
causing the droplets to cream or sediment faster due to the increase in their size. In oil-in-water emulsions,
this process eventually leads to the formation of a layer of oil on top of the material, which is referred
as oiling off. Coalescence may occur as direct result of droplet collisions, or as a result of two or more
droplets remaining in close contact for long periods of time, for instance in concentrated, creamed, or

flocculated emulsions. In practice, this last reason is more likely to happen in food emulsions [68, 69].

Ostwald ripening is the process whereby larger droplets grow at the expense of smaller droplets due to
mass transport of dispersed phase material through the continuous phase. It occurs because the solubility

of the material in a spherical droplet increases as the size of the droplet decreases [65, 70].

Lastly, phase inversion, as its name indicates, is the change of an oil-in-water emulsion to a water-in-oil
emulsion, or vice versa. This process is essential in the manufacture of certain food products, including
butter and margarine, but undesirable in other foods, as it has an adverse effect on product appearance,
texture, stability, and taste [71]. It is usually triggered by some alteration in the composition or envi-
ronment of an emulsion. The physicochemical basis of this process is immensely complex, as it involves

aspects of droplet flocculation, coalescence, and disruption [65, 72].
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Figure 2.5: Physicochemical mechanisms that lead to unstable emulsions. In order to remain stable, an

emulsion has to resist to these changes, otherwise phase separation may occur. Reproduced from [65].
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Herewith, one of the main concerns and challenges is to keep the emulsion stable with minimal

structural changes during manufacture and storage [64].

2.3.2 The role of emulsifying salts

Heating cheese to a high temperature generally results in some oiling-off and moisture exudation.
These effects reflect shrinkage and dehydration of the casein network and coalescence of fat and so, the
search to overcome the heat-induced destabilization of cheese began, leading to the important discovery of
the addition of "melting salts", known as emulsifying salts. Emulsifying salts are not true emulsifying
agents per se. They promote, along with the heating and the shearing, physicochemical changes in the
blend, turning the insoluble calcium phosphate and para-casein soluble. The hydrated proteins can act
as emulsifiers and form a membrane layer around the liquid fat released during heating and shearing,

contributing to the formation of a smooth, homogeneous, and stable emulsion [2, 73].

The preparation of stable emulsions requires the incorporation of substances known as emulsifiers.
Ideal emulsifying characteristics are possessed by salts which consist of monovalent cations (sodium)
and polyvalent anions (phosphate or citrate), where sodium salts of phosphate, polyphosphates (eg:
pentasodium tripolyphosphate — NasP301g), citrates (eg: trisodium citrate — 2 NagCgH5O7 - 1 HyO), or a
combination of them represent the most commonly used. They are able to influence several critical events

[2, 73-77], and a visual representation of these is presented in Figure 2.6.

pH adjustment: the use of ES usually increases the pH of the cheese, which contributes to an enhanced
dissociation and calcium-sequestering ability of the ES, and an increased negative charge on the paraca-

seinate. This allows to create an emulsion that remains stable until and during spray drying.

Calcium Sequestration: this involves the ability of ES to chelate calcium from the casein matrix by
exchanging sodium ions, which results in the conversion of insoluble calcium paracaseinate into soluble
sodium paracaseinate. The effectiveness of ES in binding calcium depends on the valency, type of ionic

species forming the emulsifying salt, pH, ionic strength, temperature, among other effects.

Casein Hydration: The sequestered complexes disrupt the major molecular forces that cross-link the
various monomers of casein in the network. This disruption, in conjunction with heating and mixing,
leads to hydration and partial dispersion of the proteins, which can help emulsification by coating the

surfaces of dispersed free fat globules.

Fat Emulsification: Within the matrix, sodium paracaseinate acts as an emulsifier due to having both
hydrophobic and hydrophilic regions in their peptide chain, which they position in the oil phase and
aqueous phase, respectively. This property allows them to lower the interfacial tension and the global
free energy of the system. The increase in viscosity as a result of water binding by the paracaseinate also

enhances emulsion stability by restricting the mobility of the emulsified fat particles.
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Figure 2.6: Role of emulsifying salts on the stability of cheese emulsions. Due to its calcium sequestering

ability and exchange by sodium ions and pH adjustment, proteins turn soluble and can act as emulsifiers,

forming a membrane layer around the liquid fat. Reproduced from [78].

Water is added to the cheese blend to work as a vehicle for the emulsifying agents and to adjust the

dry matter content in the final product [75].

Varming et al., 2014 [67], showed the importance of emulsifying salts, as the cheese feed stability
generally decreased when the ES concentration was reduced . This can be explained by a periodic shift in
the mineral (calcium) balance of the system, promoted by the presence of ES, furnishing a continuous

dispersion of casein and subsequent protein-protein interactions and fat emulsification [79].

2.3.3 Clean label

However, the addition of ES leads to an increase in the sodium and phosphate content, and so the
healthy conscious consumers and authorities are putting the dairy producers under the pressure to reduce
the salt content in their products [4]. Therefore, the development of cheese powder with reduced amount
or without ES has been investigated. There are other parameters that may affect the emulsion stability
during production of processed cheese, including type and composition of the cheeses used, addition of
other dairy ingredients, and processing parameters, and similar effects could be expected on the stability

of cheese feed [67].
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Cheese

Natural cheese is one of the most important ingredients used in cheese powder production. The
selection of the natural cheese used for the manufacture is of extreme importance as it influences the
required composition for cheese powder, as well as its flavour, maturity, consistency, and texture [66].
The choice depends on many of the gross composition of the natural cheese (fat, protein, and moisture
content), calcium content and intact casein (IC) level [2]. Based on these factors, Varming et al., 2014 [67]
demonstrated that feeds produced with a combination of Cheddar and soft white or Camembert cheeses
had a generally higher stability when compared to feeds produced only with Cheddar cheese. This may
be related to a lower concentration of calcium, a higher level of intact casein, and pH increasement, as

compared with the Cheddar cheese alone .

Age is another characteristic that varies from cheese to cheese according to the variety, due to differences
in manufacture, in its composition, and ripening conditions. During this last process, the paracaseinate
is hydrolysed to peptides and free amino acids, which leads to a decrease in the level of intact casein.
This consequence may lead to a decrease in the firmness of the cheese powder produced and owes to the
fact that the peptides give a lower degree of fat emulsification than intact casein [2, 66]. In accordance,
Ray et al., 2016 [80] studied the effect of Cheddar cheese age on the stability of cheese feed without ES
and concluded that feeds made from 3 months old Cheddar were significantly more stable than those
made from 5 months old cheese. A similar increase in emulsion stability was also observed for cheeses of 7

months of age compared with 12 months, indicating the relevance of cheese age on feed stabilization .

Addition of dairy ingredients

Another strategy that has the potential to provide cheese feed stability and be an ES replacer is
the addition of other dairy ingredients. Herewith, the influence of sodium caseinate (SC), butter milk
powder (BMP) and their combinations on emulsion stability were studied. SC consists of a mixture of
the four types of casein and is an interesting ingredient in food emulsions due to its excellent emulsifying
properties [4]. BMP contains phospholipids, casein, whey protein, minor peptides, and lactose, and has
emulsification ability due to its protein and milk fat globule membrane content [81]. The research indicated
that emulsions containing equal amounts of both dairy derived ingredients presented better stability when

compared to the presence of one of the ingredients solely.

Processing conditions

Cheese feed is also controlled by the processing conditions. Temperature, time and shear provided
during manufacture play a major role in the emulsion formation and degree of fat emulsification, as well

as, together with the conditions of spray drying, in the functional properties of cheese powder [2, 66].

In cheese powder production, the homogeneous slurry formed is held at 60°C for up to one hour, heat
treated, and then spray dried. Hougaard et al., 2015 [79] characterized the stability of model cheese feeds

with and without the presence of emulsifying salts during different holding times at 60°C. An increase in
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stability was verified for cheese feeds produced with ES as the holding time also increased, but no changes
in stability were observed for cheeses without ES. Therefore, approaches, other than holding, are needed
to increase stability . A promising suggestion, with a limited number of studies so far, is the effect of heat

treatment.

Cheese manufacturers use different types of cookers with various designs and operating conditions.
These differ on the type of mixing and agitation systems, and the type and mechanism of heating, which
was already stated to be a relevant step in cheese emulsions and cheese powder production. Heating is

usually done through direct steam injection and indirect heating [66].

These last correspond to conventional thermal processing techniques, being the most used to ensure
microbial safety of processed foods and enhance shelf-life through destruction of enzymes, toxins, etc.
These traditional methods require heat energy to be generated externally and then transferred to food
though conduction, convection or radiation. For food products containing particulates, these heating
transfer methods require time to heat the coldest point of a system, which is usually the center of the largest
particle, overheating the remaining particles and the surrounding liquid. This over processing leads to loss
of nutritional compounds and sensory changes, such as flavour and aroma [7]. Moreover, the combustion
of fossil fuels to generate heat causes economic and energy losses [82]. These drawbacks, along with the
increasing consumer demand for nutritious and delicious food has challenged the scientific community
to develop innovative and adequate processing techniques to ensure safe products with high nutritional
values and a “fresh like taste” [83-85]. Emerging processing technologies are defined as technologies that
a) are in the research and development stage, with significant potential to be commercialized or b) are
already commercialized but represent only a small percentage of the market for applications in the food
industry. They are used as alternatives for food processing to develop safe foods with minimal damage to

nutritional and sensory properties [85, 86]. One of these novel technologies is ohmic heating (OH).

2.4 Ohmic heating

2.4.1 Overlook

OH is a thermal technology that is able to overcome the problems that arise from the use of conventional
heating (CH). Despite being considered a novel technology, it has been applied to foods since the 19"
century, being first used in the pasteurization of milk, but felt in disuse due to the costs of electricity,
lack of inert materials to make the electrodes and difficulties in controlling the process parameters [87].
However, the studies regarding this process led to significant improvements, being currently used in
different fields, such as blanching, evaporation, dehydration, fermentation, sterilization, pasteurization,

among others [83].

It is defined as a process wherein alternating electric current (usually alternating) is passed through

materials via two electrodes inserted in the food, demonstrated in Figure 2.7, with the primary purpose of
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heating the materials. When electrical current flows through a conductor, the motion of charges within the
material results in agitation of molecules and consequently, in increased temperature. The heating occurs
in the form of internal energy transformation (from electrical to thermal), which allows this technology to
not depend on heat transfer [8]. The most important processing variable corresponds to the electrical
conductivity (o), which is a measure of how well a material accommodates the movement of an electric
charge. It is not a constant value as it depends on the material temperature (normally linearly), and this
variation is the result of the increased ionic mobility at elevated temperatures [82]. For ohmic heating
to occur, it is important that the electrical conductivity of the material is non-zero, which means that
completely nonpolar materials, such as oils, cannot be heated as they do not conduct electricity. However,
most food materials are aqueous-based, and possess some electrical conductivity, which allows them to be
heated. Another important parameter is the electric field strength (E) which is a function of the applied
voltage or the interlectrode gap. Therefore, even when electric conductivity is low, it is possible to heat
the material by using devices with low electrodes gaps and increasing the voltage, which increases the

electric field strength to compensate [10].

Insulator cap sample electrode
\ current
power

Figure 2.7: Representation of the ohmic heating technology. It is defined as a process wherein alternating

electric current is passed through materials via two electrodes inserted in the food. Reproduced from [7]

One of the main advantages of ohmic heating over conventional heating methods is the uniformity
and velocity of heating. As seen previously, in conventional heating heat is transferred from an external
medium through heat exchange walls and a carrier fluid before reaching the solid phase, while ohmic
heating relies on internal energy generation, allowing heating the solid phase at the same rate as the
fluid. This ensures greater nutrient retention capacity and sensory attributes [9]. Another advantage is
the fact that ohmic heating reaches higher temperatures than conventional heating, where the medium
temperature is the highest attainable. It is a process easier to control due to instant switch-on/off, and
offers the possibility to handle the heating rate online by changing the voltage applied, which favours the
convenience of this technology. It promotes in a less extent fouling, which is a major problem in thermal

processes of milk products [83]. Additionally, the cost and the wide variety of designs and heater sizes
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also contribute to chose OH over CH technologies. Finally, is a more energy efficient technology, once
nearly all the energy delivered to the food is used, and efficiencies above 90% and above are common.

Thus, this environmental friendly technology is an attractive option in an industrial setting [10].

2.4.2 Applications in the dairy industry

The use of ohmic heating has been recommended for the processing of a wide range of food products
because of abundant quantity of water and polar components, such as minerals and proteins in them.
This composition description makes milk an ideal candidate for ohmic heating. The majority of studies
conducted so far are related to the effect of this technology on microbial inactivation of dairy products
to ensure safety. The main mechanism of microbial inactivation caused by OH is the thermal effect on
membrane structure and enzymes of the microorganisms. An additional non-thermal effect produced by
OH has also been reported, where a mild electroporation of the cell occurs, leading to pore formation in
the cell membrane, which reduces the thermal resistance of the microorganism. Other important studies
are concerning the influence of this technique on quality and sensory factors of the dairy product, in
order to evaluate the benefits of OH and to define the optimum process parameters. The indicators
studied include the free fatty acid content, protein denaturation and aggregation, fluorescence of advanced

Maillard products and soluble tryptophan (FAST) index, among others [83].

There is a lack of studies on processed dairy products, such as cheese, butter and fermented milk, and
these attain disadvantages when compared to milk, once they contain non-conductive substances in the
composition, such as fat globules, which promotes non-uniformity in heating generation. However, these
should be seen as an opening to a range of research opportunities, such as the optimal conditions of OH
for these products and new applications for this technology that could integrate one of the processing

steps of one of these projects. [83].
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Chapter 3

Experimental procedure

3.1 Protocol

The experimental outline presented in Figure 3.1 aims to give a visual representation of the conditions

and procedures used to analyse the stability of cheese powder dispersions.

3.2 Materials

Cheese powder of medium-maturated Camembert and similar types of cheese without emulsifying
salts (38.10% fat, 47.98% protein, 0.67% calcium, 8.15% moisture) was provided by Lactosan A/S; Ringe,

Denmark.

3.3 Experimental methods

3.3.1 Cheese powder dispersion preparation

Cheese powder at a concentration of 17.5% (w/w) was added to deionized water and mixed for 2
hours on a stirring plate. The sample was then placed at 4°C overnight to establish a good hydration.
The preparation procedure for the five samples prepared is displayed in Table 3.1. The effect of different
parameters on the stability of cheese powder dispersions were studied in this experiment: electricity,
through the use of ohmic heating and conventional heating, temperature, some samples were processed at
85°C and others at 60°C, and homogenization, a second homogenization was added in the processing of

two samples. For each condition, two replicas were produced.
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1° step
Sample
preparation

2° step
Heat treatment
Homogenization

3° step
Dispersion
properties

4° step
Phase
separation

5° step
Chemical
analysis

17,5% (w/w) cheese powder 2h stirring Overnight hydration at 4°C

60°C i
) J& *  Ohmic Heating (15V/cm | 85°C | 5 min) High
1 Pressure

) — - Oil Bath (85°C | 5 min) . )
Heating plate Homogenizer
(60°C| 5 min) « Heating plate (60°C | 5 min) (400 bar | 2x)

5 samples
* Turbiscan Tower: stability
i

* Rheometer: rheology
(]

* CLSM: microstructure

Mastersizer: particle size distribution

FAT (M E
SOLUBLE FRACTION e

S
Centrifugation: SEDIMENT

Freeze-drying
5000 x g; 60 mins; 40°C

I *  Dumas Method: protein content
j —> - NMR Rapid: fat content

e ICP-MS: calcium content

Figure 3.1: Experimental design followed throughout this project. The procedures and analytical methods

are further described in more detail.
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Table 3.1: Procedures used (+) in the preparation of all the five samples. The procedures are showed in

order of occurrence from left to right.

Heating Heating Ohmic Oil
Sample ID Slate Homogenization Slate Heating Bath Homogenization

- 60°C (H) - 60°C  (OH) - 85°C (OB) - 85°C H)
OH + H + + +
H+OH+H  + + - +
OB+ H + I I
60 + H + + +
H+ 60 + H aF T + +

3.3.2 Heat treatment
Ohmic heating (OH)

An ohmic heater (BCH ltd., Lancashire, United Kingdom) with an ohmic unit consisting of a holding
cell made of W500 grade polyethylene-polypropylene with variable size adjustment and mountings for
temperature loggers (K-type) was used, Figure 3.2. A maximal supply at 230 voltage using alternating
current (60 Hz, sinusoidal) was installed with the ohmic heater and a titanium electrode with high corrosion
resistance in chloride environments [88] was used. The distance between the electrodes was set at 8 cm
apart and the width of the chamber was 9.5 cm. After the system was closed, 250 mL of sample were
added to the ohmic heater. The voltage gradient used was 15 V/cm. The voltage gradient (E) is the ratio
of applied voltage (V) to the distance between electrodes (L). The applied voltage was the percentage of
the total voltage supply (Vimax = 230 V). The voltage gradient was set by changing the applied voltage
(V) at fixed L for all experimental setups. Voltage gradient was calculated as E = % = % The
final temperature to reach was 85°C. The time required for the samples to come up to the mentioned
temperature was recorded. For the samples OH + H it took 18.5 + 0.5 s and for the samples H + OH
+ H it required 38.5 &+ 1.5 s to reach the temperature (mean + SD, where n=2). These differences in
time are due to the decrease in temperature of the sample after one homogenization, which increases the
come up time to reach 85°C. After a holding time of 5 min, samples were rapidly transferred to the high

pressure homogenizer.

Conventional Heating (CH)

Samples were subjected to two types of conventional heating:

i. Oil bath

Samples in an Erlenmeyer flask were immersed in an oil bath at 85°C, where the temperature was
controlled through a t-type thermocouple, for a holding time of 5 min. Oil bath was used instead of a

heating plate so that the come up time would be similar to the one reached when using OH. OB + H
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Figure 3.2: Representation of the laboratory scale ohmic heating set. The equipment was constituted

by a power supply (0-230 V, 60 Hz) that is connected to the control unit, where the voltage and the
temperature measured by the thermocouples can be regulated and the equipment can be switched on-off.

The samples were placed in a chamber in between electrodes 8 cm separated.

samples reached 85°C after 69 &+ 1 s (mean £+ SD, where n=2).
ii. Heating plate
Samples that were not subjected to either ohmic heating or oil bath, continued being heated up at

60°C in the heating plate, so that the exposure time to temperature would be the same.

3.3.3 Homogenization

To disrupt the fat globules, the samples were run in a Rannie High Pressure Laboratory Homogenizer
Model MINI-LAB (APV, Izmir, Turkey) at 400 bars. To evaluate the effect of homogenization, some

samples were subjected to this procedure before and after heat treatment.

3.3.4 Centrifugation

Subsequently to homogenization, the stability, rheological properties, and particle size distribution of
the cheese powder dispersions were analysed. The remaining sample was centrifuged in a 4-16Ks centrifuge
(Sigma Laborzentrifugen GmbH, Osterode am Harz, Germany) equipped with rotor and insertions for 50
mL centrifuge tubes with conical bottom. Centrifugation was performed at 40°C, with a speed of 5000 x ¢
during 60 mins. The accelerated instability provided by centrifugation was observed as separation into
three phases. One can assume that fat was primarily found in the top layer, precipitated protein in the
bottom phase, leaving an opaque watery phase in between upon phase separation, where soluble protein

can be found.
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3.3.5 Freeze-drying

The three phases obtained after centrifugation were then separated and freeze-dried (Thermo Fisher
Scientific Inc., Massachusetts, USA). In this process, also known as lyophilization, the water in the form
of ice under low pressure is removed from a material by sublimation. Freezing water in the material prior
to lyophilization inhibits chemical, biochemical, and microbiological reactions, which allows the retention

of its quality [89]. The fat, protein, and calcium content were then analysed.

3.4 Analytical methods

3.41 Chemical analysis of cheese powder dispersions

i. Protein content

Total protein content was analysed according to the Dumas method by using rapid MAX N exceed
(Elementar Americas, Inc., Ronkonkoma, New York, USA). The basis of the Dumas method is the
conversion of all nitrogen forms in the sample to nitrogen oxides through combustion at high temperatures
in an oxygen atmosphere, reduction of these forms to nitrogen gas (N3), and subsequent measurement
by use of a thermal conductivity detector [90]. Dry samples were placed in iron tips. The system was
calibrated daily before analysis by running the following sequence: three blanks (empty crucibles), five
aspartic acid standards and two run-in samples. Protein content (%) was calculated from the nitrogen
content of the material, using a nitrogen conversion factor (NFC) of 6.38 [91], which is the most appropriate
value for cheese. The value NFC cannot be identical for all sources of food proteins, as it is related
to the amino acid composition and presence of side groups covalently bound to some amino acids of
the protein chain [92]. Protein content was analyzed in the sediment and soluble phases. For the fat

phase, the protein content was calculated by subtracting the values obtained from the total protein content.

ii. Fat content

The measurement was done through the Rapid Nuclear Magnetic Resonance (NMR) Fat Analyzer
(CEM Corporation, Matthews, NC, USA) that is provided with a technology that completely isolates
the detection of the proton signal in fat molecules from all other compositional proton sources. The
method “Dairy Powders”, already present in the equipment, was used for the analysis. The fat content

was measured in all three phases.

iii. Calcium content

Calcium content was measured using an Inductively Coupled Plasma — Mass Spectrometry (ICP-MS).
This technique uses an argon plasma, the ICP, to convert the sample into ions, which are then separated
by MS by their mass-to-charge ratio. The detector counts the number of selected ions per second which
allows the instrument to determine the concentration of the chosen element [93]. Calcium content was
measured only in the sediment phase, and the value obtained obtained was subtracted from the total

calcium content to obtain the soluble phase value. It was considered that the amount of calcium in the fat
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phase was minimal.

3.4.2 Particle size measurement

The measurement of particle size distribution of oil droplet in cheese feed samples was based on
the Static light scattering method and done through Mastersizer 2000 (Malvern Instruments Co. Ltd.,
Worcestershire, UK). Particles pass through a focused laser beam and scatter light at an angle that is
inversely proportional to their size. The angular intensity of the scattered light is then measured by a
series of photosensitive detectors. The map of the scattering intensity versus angle is the primary source of
information used to calculate the particle size, accurately predicted by the Mie scattering model. Samples
were placed at the feed hopper at room temperature (sample temperature 40+5°C). The applied refractive

index of the dispersed phase for all samples was set to 1.469 and for the continuous phase (water) was 1.330.

Statistical dimensions of size were expressed through the dg.1), d(o.5) and dg.gy values, which means
that 10%, 50% and 90% of the total amount of sample is smaller than this size, respectively. The two
sizes d(o.1) and d(g.9) enclose the range of particle sizes of the sample. From these values, it is possible to

obtain the Span by the following equation:

d(0.9) — d0.1)

Span =
d(0.5)

(3.4.1)

If the Span value is closer to 0, it is possible to infer that the respective sample is more uniform and
the size consistency is better. Particle mean diameter was expressed as volume-weighted mean diameter

D[473].

(3.4.2)

3.4.3 Rheological properties

The flow behaviour of the cheese feed samples was measured using the Discovery Hybrid Rheometer 2
(DHR-2, TA Instruments, New Castle, USA) using a rotor conical/DIN SST SMART-SWAP (diameter 28
mm) and a fixed lower concentric cylinder cup. For each measurement, approximately 25 mL of cheese
feed was placed into the interior cup and the temperature was precisely controlled at 40 °C. Flow curves

for each sample were measured over 10 min with shear rate continually increasing from 0.1 to 200 st

3.4.4 Physical stability

Turbiscan Tower (Formulaction, Toulouse, France) was used to investigate the stability of the cheese
feed. This scanning method is based on Static multiple light scattering principle (S-MLS), where an
infrared light source with a wavelength of 880 nm illuminates the sample, and 2 sensors collect the
backscattering (BS) and transmission (T) signals. The stability is measured by the amount of light that

is backscattered and sent back to the detector. Samples were prepared on a 20 mL glass vial. The BS
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and T signals were acquired repeatedly over 2 hours every 2 minutes at the whole sample height and the

temperature of the equipment was set to 40°C.

3.4.5 Confocal laser scanning microscopy

The emulsions were dyed with Nile red [94] (Sigma-Aldrich Denmark A/S, Sgborg, Denmark), dyeing
the lipid phase. The dye was excited at 561 nm by a filter at 607 nm. FCF fast green (Sigma-Aldrich
Denmark A/S, Sgborg, Denmark) was used to dye the proteins and was excited at 640 nm by a filter of
700 nm [95]. The sample was imaged using a 40x lens (Nikon Apo LWD water 40x NA 1.15) on a spinning
disc confocal microscope constituted by an inverted microscope (Nikon Ti2) equipped with a laser source
(405 / 488 / 561 / 640 nm), a confocal spinning disc module (Yokogawa CSU-W1, 50um pinholes), a
quad-band emission filter (440 / 521 / 607 / 700 nm) and an sCMOS camera (Photometrics Prime95B).
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Chapter 4

Result and Discussion

4.1 Influence of processing conditions on particle size

Various statistical parameters used to understand the particle size of emulsions are expressed in Table
4.1, and a particle size distribution diagram for all 5 samples is presented in Figure 4.1. A monomodal
particle size distribution was observed for the sample OH + H, whereas bimodal particle size distributions
were noticed for the other samples. Independently of the type of heat treatment used, ohmic heating or
oil bath, a high temperature of 85°C led to to the highest particle sizes, with a Dy4 3 of 8.83 jum for the
OH + H sample and a value of 6.46 pm for the OB + H sample. The great majority of whey proteins are
removed during cheese production, however, there is still some that remain, especially S-lactoglobulin
since it is the main whey protein present in milk. At a temperature of 85°C these proteins denature and
become associated with casein micelles, through interaction with k-casein, via hydrophobic interactions
and disulphide bonds, which can justify the increase in particle size with the increase in temperature [96].
However, the homogenization of the sample prior to ohmic heating (sample H + OH + H) decreased the
particle size to one similar to the one obtained by the sample treated at 60°C with only one homogenization
(60 + H). At 60°C, the use of a second homogenization showed a decrease in particle size (3.19 £ 0.29 pm).
These two last results indicate that a homogenization step prior to processing is positively correlated with
particle size reduction, through disruption of protein aggregates and fat droplets. Besides, as referenced
in Subsection 2.4.2, the presence of non-conductive materials, such as fat droplets, may be a disadvantage
when it comes to the use of ohmic heating. This additional homogenization may help to promote a more
uniform heating generation, by creating a more homogeneous sample, and so treatment can be more
successful. In terms of uniformity, which is correlated with the Span value showed in Table 4.1, samples
heated at 85°C demonstrated a better size consistency compared to the ones heated at a lower temperature.
The d(g.5) value for the 60 + H and H + 60 + H samples are lower compared to the samples heated at
higher temperatures, especially for the last sample, which d g 5y value is 0.56 &= 0.11 pm which means that
the sample presents a high number of small particles, once 50% of them are smaller than 0.56 pm, and
then a few bigger particles that occupy the same volume as the small ones. This can be seen through the

bimodal particle size distribution diagram where the two peaks have the same height and explains the
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heterogeneity of this sample. These samples having a lower particle size also corroborates the effect of

higher temperatures on the aggregation of proteins.

Table 4.1: Average particle sizes of cheese dispersions. Samples processed at high temperatures, indepen-
dently of the heat treatment used, demonstrated particles with a bigger size. In both cases, homogenization

was able to reduce the particle size. Values are mean £ SD (n=2).

Sample ID Span d.1) (mm)  desy (mm)  d.gy (nm) Dy g (um)
OH + H 2.01 £ 0.10 3.17 +£0.03 6.66 + 0.01 16.53 + 0.63 8.83 £+ 0.31
H+ OH+H 3.07+038 0.14 £0.02 4.31 £0.66 13.63+3.69 594+ 1.73
OB + H 2.16 = 0.02 3.01 £ 0.04 6.67 £0.22 17.40 + 0.38 6.46 £+ 0.65
60 + H 4.96 +0.04 0.12 £0.00 2.84 £0.19 14.22 + 0.86 5.49 4+ 0.42
H+60+H 15724+ 252 0.11 £0.00 0.56 £0.11 868 £0.31 3.19 + 0.29
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Figure 4.1: Diagram of the Particle size distribution obtained. A monomodal particle size distribution
was observed for the sample OH + H, whereas bimodal particle size distributions were noticed for the

other samples. The plots represented correspond to only one of the replicas produced.
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4.2 Rbheological properties of cheese powder dispersions

Viscosity is a measure of the resistance of a fluid towards being deformed when under shear stress and
is defined as the ratio of the shear stress to shear rate [97]. The viscosity properties of emulsions before
spray drying influences the atomization of the feed and so the characteristics of cheese powder [55]. Data
for fluids are often presented tin the form of viscosity — shear rate diagrams, as Figure 4.2 presents for the
5 samples produced. It is possible to observe that the viscosity is independent of time and shear rate for

all samples, meaning they all present a Newtonian behaviour [98].

22 1

2 -
& 18 A
\; —e— OH + H
Z 16 - —e—H-+OH+H
Q
: -t OB +H
g ’ —=—60+H
<
Y 1,2 - —e— H + 60 +H
<

1 L} Ll

1 10 100
Shear Rate (1/s)

Figure 4.2: Apparent viscosity variation of the different cheese ppowder dispersions as a function of shear
rate. All samples demonstrated a Newtonian behaviour once the viscosity did not change as a function of
shear rate over time. Samples with a second step of homogenization exhibited a lower viscosity value.

The results correspond to the average of the two replicas.

A similar apparent viscosity value was obtained for the 60 + H, OB + H and OH + H samples.
The rheogram for the samples with double homogenization shifted downwards, with a maximum shift
for the sample treated at 60°C. The viscosity of cheese powder dispersions was thus decreased by an
homogenization step prior to heat treatment. Usually, the smaller the particles, the greater the surface
area available for interaction, and so the higher the viscosity [99]. However, this was not observed in the
results obtained, as the sample with smaller particles presented the lowest viscosity. Lower viscosities are
usually related with unstable samples, which is proven by the fact that the presence of ES leads to an
increase in apparent viscosity, when compared to samples with lower amount [4, 55]. Differences in the
rheological behaviour can be assumed to be due to particle interactions and structural changes [100] and
so, the presence of ES has a positive effect on protein hydration and formation of a continuous protein
network structure, which causes a degree in viscosity and fat emulsification [55]. The overlapping results
obtained for the other samples indicates that neither the high temperature, nor the type of heat treatment

had a significant effect on the flow behaviour of the emulsions.
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An adequate viscosity is also required for spray drying, as a too viscous sample can cause problems
in pumping and droplet formation during atomization. The high viscosity also has high implications on
the powder properties, once it results in a solubility decrease, an increase in particle size and less free
flowing powder [4]. Urgu et al., 2018 [55] considered an emulsion too viscous to feed to drier when its
apparent viscosity showed results from 5000 to 500 centipoise (cP) . Therefore, all samples produced in

this experiment retain the appropriate viscosity for spray drying.

4.3 Influence of different processing conditions on the stability of cheese
powder dispersions

The stability of the cheese powder dispersions prepared with different heat treatments can be charac-
terized through the backscattering (BS) profiles obtained over a period of 2 hours. An increase in the
BS percentage at the bottom of the vial is associated with protein precipitation that sediment, while an

increase at the top is usually related to the presence of fat droplets in a process called creaming.

To produce cheese powder, it is a major criterion that the intermediate cheese emulsion does not
show any type of instability [55].However, all samples displayed changes in stability over time, through
sedimentation and/or creaming. Samples H + OH + H and H + 60 + H demonstrated a higher
sedimentation, seen by the intensity of the BS signal captured (around 11%), when compared to the
other samples (around 6%). This could be related to an excess level of insoluble protein that ends up
precipitating. However, the opposite behaviour for creaming is observed. We hypothesize that the low
creaming layer may be related to the presence of smaller fat droplets that take longer to cream, or to
the interaction between fat globules and proteins. The width of the sedimentation layer should also be
taken into consideration. As seen in Figure 4.3, the OH + H, OB + H, and 60 + H present a higher
sedimentation layer, which may indicate differences in particle densities, compared to the other two

samples, that present a more compact layer.
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Figure 4.3: Physical stability (percentage of backscattering versus vial height). Sedimentation of proteins
is associated with an increase in BS% at the bottom of the vial (left part of the graph), while an increase
at the top is usually related to the presence of fat droplets in a process called creaming (right part of the
graph). Samples with a second step of homogenization exhibited more sedimentation, whereas the other

samples presented more creaming.

4.4 Microstructure of cheese disperisons evaluated by CLSM

Confocal Laser Scanning Microscopy was used to confirm the effects of the different processing con-
ditions used on particle size, rheological properties, and stability behaviour, through the visualization
of the microstructure of the samples, Figure 4.4. The CLSM images for the H + OH 4+ H and H + 60
+ H samples exhibited evenly distributed protein particles (green), and small fat droplets (red), which
confirms the positive effect of homogenization. For the H + OH + H sample it can also be observed
that the surface of the protein particles are coated by fat droplets in a thin layer (yellowish), which may
indicate the interaction between fat and proteins, hypothesized in the previous Section 4.3 for the stability
results obtained. Kelimu et al., 2017 [4] tested the effects of different dairy ingredients on the stability of
cheese emulsions. In the absence of ES, the emulsions with sodium caseinate (SC) added demonstrated
a similar microstructure image, with fat droplets coating the protein particles, which had a remarkable

impact on the stability against creaming.

Both these samples demonstrated a better microstructure when compared to all the others, including
the control one. All the other CLSM images revealed irregular protein aggregates, void area (black) which
is mainly water and fat clusters (orange), where protein and fat droplets were disconnected from each

other with little indication of emulsification.
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H+60+H "

Figure 4.4: Microstructure of cheese dispersions visualized by CLSM. Green coloring represents protein
and orange represents fat. Representative images are chosen from a series of images available for each

sample composition.
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4.5 Protein, fat and calcium balance

Up to now, the particle size, rheology, and stability results provided a general idea on how the different
processing conditions affected the behaviour of the 5 cheese powder dispersions. However, fat emulsification
and protein stabilization play equally important roles in keeping cheese emulsion stability, and so, the
investigation of the shift in the calcium balance of the system, is an important step to comprehend the

dispersion of casein, protein-protein interactions and consequent fat emulsification [79].

The cheese powder used for the production of the present cheese powder dispersions does not contain
emulsifying salts, which are known to have the ability to sequester calcium from the casein matrix, through
the exchange by sodium ions, leading to casein solubilization, and further fat emulsification [2, 73, 75].
It is possible to correlate the emulsification stability of a cheese feed with the powder properties, and
S0, as seen in Subsection 2.2.2; a good quality cheese powder presents a low amount of free fat and a
high protein solubility, which means that the optimal processing condition needs to be able to diffuse the
calcium from the casein micelles, solubilizing it, and provide a high amount of fat in the soluble phase, as

it would indicate interaction with soluble protein.

For this purpose, the differences in intact and soluble protein, calcium balance and fat content after
the different heat treatments were calculated based on the dry matter (DM) content, Table 4.2. After
centrifugation, three layers were obtained, and one can assume that fat was primarily found in the top
layer, precipitated protein in the bottom phase, leaving an opaque watery phase in between upon phase

separation, where soluble protein can be found.

Heating has a great effect on calcium equilibrium and its interaction with caseins, and it is agreed
that high temperatures lead to a decrease in diffusible calcium, due to precipitation of calcium phosphate.
Therefore, it is expected that samples treated at a temperature of 85°C demonstrate a lower amount of
soluble calcium, once this mineral is forced inside the micelle, as caseins are effective stabilizers of CCP
[6]. Under our experimental conditions, the sample heated at 85°C in an oil bath (conventional heating)
corroborated this theory, as it showed a value of 22.95 & 9.29 % of soluble calcium. However, this does
not apply to both samples treated with OH (54.23 £ 5.50 % and 45.27 + 9.18 % of soluble calcium in H +
OH + H and OH + H, respectively), which presented values of soluble calcium closer to the one obtained
by the sample treated at a lower temperature (60 + H - 48.05 & 16.23 % of soluble calcium). Since both
OB and OH samples were treated at 85°C and there is a significant difference in the results obtained,
it is possible to infer the positive impact that the ohmic heating technology has in the shift in mineral
balance, enabling the calcium to dissolve from the micelle and migrate to the serum/soluble phase. It can
be suggested that the moderate electric field may have imposed, even subtly, disturbances on the charge
organization within protein structure and its orientation in the direction of the applied electric field [101],

which facilitated the diffusion of calcium.
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Table 4.2: Chemical analysis of the cheese powder dispersions. Fat, protein, and calcium content (%)
based on the dry matter content (%) for each layer obtained after centrifugation. Values are mean + SD

(n=2).

Sample ID Layers Dry Matter % Fat % Protein % Calcium %
Top 13.69 £ 0.27 33.28 £0.74 599 + 1.14
OH+ H Water phase  62.18 £ 0.75  52.15 &£ 1.57 58.50 £ 1.47  45.27 £ 9.18
Sediment 24.13 4+ 0.48 7.88 +£ 0.83 35.51 £ 0.10 54.73 4+ 9.18
Top 13.76 £0.90 29.59 £ 1.84 10.65 £+ 0.59
H 4+ OH + H | Water phase  59.07 + 2.28  47.18 + 2.51 53.32 + 0.68 54.23 + 5.50
Sediment 2717 +£1.39 1727 £ 046 36.02 £ 0.09 45.77 £ 5.50
Top 15.96 + 0.48 38.76 £ 1.13 6.07 + 0.74
OB + H Water phase  55.52 + 0.27  45.34 £ 0.28 52.06 +£ 1.85  22.95 £+ 9.29
Sediment 28.52 = 1.74 12.44 + 0.87 41.87 £2.59 77.05 £ 9.29
Top 16.23 £ 0.39 39.77 £0.69 9.71 £+ 3.11
60 + H Water phase  60.88 + 2.46  50.11 + 1.27 55.94 + 1.02 48.05 &+ 16.23
Sediment 22.89 £+ 2.08 6.83 £0.14 34.35 £4.13 51.95 £ 16.23
Top 12.59 £ 0.29 30.22 £ 0.62 1292 4+ 1.94
H + 60 + H | Water phase  64.20 + 3.19  57.69 £ 1.22 54.99 + 2.42 37.16 + 1.34
Sediment 23.21 £+ 3.59 9.74 £ 1.20 32.09 + 4.37 62.84 £ 1.34

The high standard deviation values obtained between replicas concerning the calcium content can be
explained by the fairly rapid reverse of the changes provoked by heat treatment. As Andrew J.R. Law
[96] demonstrated, 1.5h after heat treatment and storage at ambient temperature, the concentration of
colloidal calcium was very similar to the one found in raw milk . Therefore, the centrifugation step of
replicas may have occurred at different times after the heat treatment, some of them over 1.5h later, which

may have caused a reverse change of the calcium balance, leading to different results.

In this study, soluble protein was defined as the one that did not sediment after centrifugation at 5000 x
g for 1 hour. All samples demonstrated a similar trend regarding the protein content, with a higher percent-
age in the soluble phase, followed by the sediment, and then the top layer, which is mainly constituted by
fat. Regarding the fat content, all samples displayed a higher amount in the soluble phase compared to the
other layers. It is difficult to correlate the results between samples, once many parameters were changed.
However, the effect of ohmic heating can be evaluated by comparing the OH + H sample with the OB + H
sample, as both were treated at 85°C for 5 min with one homogenization step, varying only the heat process
used. By looking at the results of the protein and fat content and the calcium balance all together, the
positive impact of OH in all of these variables is undeniable. As said before, the ideal process would lead
to an increase in the diffusible calcium, which was already discussed that the OH technology had a positive

impact, and would increase the amount of soluble protein (58.50 & 1.47 % for OH + H, compared to 52.06
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+ 1.85 % for OB + H ) and soluble fat (52.15 £ 1.57 % for OH + H, compared to 45.34 £+ 0.28 % for OB +
H), demonstrating a higher protein solubilization and fat emulsification. The H + OH + H sample presents
the higher amount of fat in the sediment (17.27 + 0.46 %) which is in relation with the stability results
obtained and with the assumption that fat was interacting with insoluble protein, that ends up precipitating
To produce cheese powder, this type of sample could be mixed and spray-dried quickly, and once the
fat is surrounded by protein it is protected against oxidation, but for other applications, as for solubi-

lization of the powder, it would not be ideal. Therefore, the solubility of proteins still needs to be improved.

The solubility and aggregation state of proteins depend on a balance between temperature and pH.
Therefore, we suggest complementing this present study with the variation of pH, with the aim of
controlling the surface electric charge of proteins and aggregation process, so that we can benefit from
both the presence of some aggregated particles, responsible for the increase in viscosity, and from non
aggregated proteins that will act as fat emulsifiers. Casein micelles are stable at high temperatures, and
moderate heating does not cause aggregation between micelles nor disruption of their internal structure.
However, changing the pH can easily destabilise the micellar integrity. Proteins are usually insoluble
at their isoelectric points, which is pH = 4.6 for caseins. Increasing the pH from the isoelectric point
gives rise to more negatively charged micelles, which strengths the repulsive forces of the caseins chain,
increasing solubility, and micelle size, due to producing loose and expanded structures in the micelles.
Additionally, by acidifying the solution, the solubilisation of colloidal calcium phosphate from the micelles
increases. Since this material is largely responsible for maintaining the integrity of the micelle, the loss
of CCP may be possibly accompanied by the dissociation of caseins from the micelles [102, 103], that
may interact with fat droplets. The mineral balance is very dependent on pH and temperature, and so it

would be interesting to look at the set effect of these two physicochemical parameters.
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Chapter 5

Conclusions and outlook

5.1 Conclusions

Cheese powder is a dehydrated cheese product with major economic importance due to their widespread
use as flavouring agents, nutritional value, and higher convenience and longer shelf-life compared to natural
cheese. During cheese powder production, an oil-in-water emulsion, denoted cheese feed is formed. As
it is required to remain stable until being spray dried, emulsifying salts are added. These promote
physicochemical changes in the blend, which lead to solubilization of calcium, and consequent hydration of
caseins that can then act as emulsifiers and form a membrane layer around the liquid fat released during
processing, forming a smooth, homogeneous, and stable emulsion. However, there is an increase pressure
from conscious consumers and authorities to reduce the salt content in food, and so the dairy industry

has been investigating new strategies for stabilisation of cheese feed without the presence of ES.

This master thesis opens a new knowledge platform regarding the effects of ohmic heating on cheese
feed stability, hypothesizing that the use of this technology as a heat treatment to process the blend may
change the protein, fat, and calcium balance, creating a stable emulsion. The ohmic heating treatment was
compared with the use of conventional heating and different parameters were used, such as temperature,
602C and 85°C, and number of homogenizations. For both heating treatments, higher temperatures led
to an increase in particle size, which we hypothesize to be due to aggregation of casein micelles and
B-Lg. An extra homogenization prior to heat treatment was able to decrease the particle size, through
disruption of protein agglomerates and fat droplets. In terms of rheologic behaviour, all conditions
produced emulsions with Newtonian behaviour and with values of apparent viscosities appropriate for
spray drying. Regarding the stability of the emulsions, all samples displayed instability mechanisms,
through sedimentation and creaming. Samples processed with a two step homogenization led to a higher
sedimentation intensities, which could be due to the presence of an excess of insoluble protein that ends
up precipitating. The creaming layer was lower for these two samples, which we hypothesize to be related

to fat droplets interacting with protein forming complexes that remain stable.

42



The positive impact of ohmic heating compared with conventional heating was seen, however, in the
differences between the calcium balance and fat and protein contents, by comparing the results obtained
for the two samples heated at 85°C for 5 min with only one step homogenization (OH + H and OB + H).
Despite the high temperature, which is known to hamper the diffusion of calcium, the use of moderate
electric field led to a significant higher solubility of calcium, compared with the conventional heating
technique. This is though to be related with the disturbances on the charge organization within protein
structure and its orientation in the direction of the applied electric field, which facilitated the diffusion
of calcium. Fat emulsification and protein stabilization play equally important roles in keeping cheese
emulsion stability, and so the higher values of soluble protein and fat when OH was used, also demonstrates

the great potential this technology shows on emulsion stability.

Overall, ohmic heating is an exciting opportunity to improve the quality of food, and continued
innovation will benefit both food manufacturers and consumers. Results obtained in the present research
clearly show that ohmic heating technology is a powerful tool that mainly interferes with calcium
solubilization, which consequently affects fat emulsification by proteins. However, there is still room
for improvement, as the technology still demonstrated the appearance of instability mechanisms, such
as sedimentation and creaming, and appeared to have an adverse effect on protein solubility, as fat is

interacting with insoluble protein.

5.2 Future perspectives

This study is just the “Once upon a time” of a story where ohmic heating is the main character. The
plot still needs to be written, and other parameters still need to be casted. It would be very interesting to
investigate more about the effect of ohmic heating on caseins itself, by understanding the effect of this
technology on protein charge, which can be done through the measurement of (-potential, and also by
investigating which individual casein proteins are affected by OH, through SDS-PAGE. In this study, OH
was used at 85°C to investigate the effects of extreme conditions. Looking at the effect of a broader range
of temperatures and voltages would be a way to find the ideal conditions for emulsion stability. In order
to improve protein and calcium solubility, it would be appealing to combine the effect of temperature
and electricity with pH variations once it is known to alter solubility of proteins and calcium phosphate.
Furthermore, the use of OH should also be linked with the use of different cheese types and compositions, dif-

ferent ages, and different addition of ingredients once these seem to also have an effect on emulsion stability.

There are no studies regarding the effect of ohmic heating on cheese feed stability for cheese powder
production, which makes this is an innovative investigation that opens doors to a whole new field where
this new technology is used as processing condition and has a substantial potential to change and enhance
the dairy industry. It still requires a great amount of research, and I would leave the suggestion for the
next experiments to be carried out using natural cheese instead of cheese powder, as it would reproduce a

more authentic and more studied cheese emulsion. Recreating cheese feed using cheese powder just forms
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a more complex system that may influence the results in a certain way the results. Furthermore, more

than two replicas should be made for each sample, so that statistical analysis can be performed.

44



Bibliography

10.

11.

12.

Da Silva, D. F., Larsen, F. H., Hougaard, A. B. & Ipsen, R. The influence of raw material, added
emulsifying salt and spray drying on cheese powder structure and hydration properties. International

Dairy Journal 74, 27-38 (2017).

Fox, P. F., Guinee, T. P., Cogan, T. M. & McSweeney, P. L. In Fundamentals of Cheese Science
589-627 (Springer, 2017).

Fox, P. F. & Guinee, T. P. Cheese science and technology. Milk and Dairy Products in Human

Nutrition: Production, Composition and Health, 357-389 (2013).

Kelimu, A., da Silva, D. F., Geng, X., Ipsen, R. & Hougaard, A. B. Effects of different dairy
ingredients on the rheological behaviour and stability of hot cheese emulsions. International Dairy

Journal 71, 35-42 (2017).

Guinee, T. Effects of natural cheese characteristics and processing conditions on rheology and
texture: The functionality of cheese components in the manufacture of processed cheese. Processed

Cheese and Analogues, 81-109 (2011).
Lucey, J. & Horne, D. In Advanced Dairy Chemistry 351-389 (Springer, 2009).

Varghese, K. S., Pandey, M., Radhakrishna, K. & Bawa, A. Technology, applications and modelling
of ohmic heating: a review. Journal of Food Science and Technology 51, 2304-2317 (2014).

Knirsch, M. C., Dos Santos, C. A., de Oliveira Soares, A. A. M., Penna, T. C. V., et al. Ohmic
heating—a review. Trends in Food Science & Technology 21, 436-441 (2010).

Pereira, R., Martins, R. C. & Vicente, A. Goat milk free fatty acid characterization during
conventional and ohmic heating pasteurization. Journal of Dairy Science 91, 2925-2937 (2008).

Ramaswamy, H. S., Marcotte, M., Sastry, S. & Abdelrahim, K. Ohmic heating in food processing
(CRC press, 2014).

Jaeger, H., Roth, A., Toepfl, S., Holzhauser, T., Engel, K.-H., Knorr, D., Vogel, R. F., Bandick, N.,
Kulling, S., Heinz, V., et al. Opinion on the use of ohmic heating for the treatment of foods. Trends

in Food Science € Technology 55, 84-97 (2016).

Kindstedt, P. S. The history of cheese. Global Cheesemaking Technology: Cheese Quality and
Characteristics, 1-19 (2017).

45



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Fox, P. F., Guinee, T. P., Cogan, T. M. & McSweeney, P. L. In Fundamentals of Cheese Science
1-10 (Springer, 2017).
Fox, P. F. Cheese: an overview. Cheese: Chemistry, Physics and Microbiology, 1-36 (1993).

Grandjouan, C., Markson, E. & Rotroff, S. I. Hellenistic relief molds from the Athenian Agora
(ASCSA, 1989).

McSweeney, P., Ottogalli, G. & Fox, P. Diversity of cheese varieties: an overview. Cheese:
Chemistry, Physics and Microbiology 2, 1-23 (2004).

Fox, P., O’connor, T., McSweeney, P., Guinee, T. & O’brien, N. Cheese: physical, biochemical, and
nutritional aspects. Advances in Food and Nutrition Research 39, 163-328 (1996).

Miller, M. J., Witherly, S. A. & Clark, D. A. Casein: a milk protein with diverse biologic
consequences. Proceedings of the Society for Experimental Biology and Medicine 195, 143-159
(1990).

Guinee, T. & O’Brien, B. The quality of milk for cheese manufacture. Technology of Cheesemaking,
1-67 (2010).

Fox, P. F., Guinee, T. P., Cogan, T. M. & McSweeney, P. L. H. In Fundamentals of Cheese Science
71-104 (Springer US, Boston, MA, 2017).

Bintsis, T. & Papademas, P. An overview of the cheesemaking process. Global Cheesemaking

Technology: Cheese Quality and Characteristics, 120-156 (2017).

Davies, D. T. & Law, A. J. The content and composition of protein in creamery milks in south-west

Scotland. Journal of Dairy Research 47, 83-90 (1980).

De Kruif, C. Supra-aggregates of casein micelles as a prelude to coagulation. Journal of Dairy

Science 81, 3019-3028 (1998).

Goulding, D., Fox, P. & O’Mahony, J. In Milk Proteins (Third Edition) (eds Boland, M. & Singh,
H.) Third Edition, 21-98 (Academic Press, 2020).

Dalgleish, D. G. On the structural models of bovine casein micelles—review and possible improve-

ments. Soft Matter 7, 2265-2272 (2011).

Holt, C. Structure and stability of bovine casein micelles. Advances in Protein Chemistry 43,

63-151 (1992).

Horne, D. S. Casein interactions: casting light on the black boxes, the structure in dairy products.

International Dairy Journal 8, 171-177 (1998).

Cooke, D. R. & McSweeney, P. L. From micelle to melt: The influence of calcium on physico-
chemical properties of cheese. Global Cheesemaking Technology: Cheese Quality and Characteristics,

20-44 (2017).

Fox, P. F., Guinee, T. P., Cogan, T. M. & McSweeney, P. L. In Fundamentals of Cheese Science
11-25 (Springer, 2017).

46



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Smith, J. R., Carr, A. J., Golding, M. & Reid, D. Mozzarella cheese—a review of the structural
development during processing. Food Biophysics 13, 1-10 (2018).

Fox, P. & Cogan, T. In Cheese: Chemistry, Physics and Microbiology 583-608 (Elsevier, 2004).

Legg, A. K., Carr, A. J., Bennett, R. J. & Johnston, K. A. In Cheese 643-675 (Elsevier, 2017).

Dalgleish, D. G. Proteolysis and aggregation of casein micelles treated with immobilized or soluble

chymosin. Journal of Dairy Research 46, 653661 (1979).
Jaros, D. & Rohm, H. In Cheese 53-67 (Elsevier, 2017).
Farkye, N. Y. In Cheese 1111-1115 (Elsevier, 2017).

Johnson, M. & Law, B. The origins, development and basic operations of cheesemaking technology.

Technology of Cheesemaking, 68-97 (2010).
McSweeney, P. 36 What processing variables affect syneresis? Cheese Problems Solved, 75 (2007).

Fox, P. F., Guinee, T. P., Cogan, T. M. & McSweeney, P. L. In Fundamentals of Cheese Science
231-249 (Springer, 2017).

In. Cheese Problems Solved (ed McSweeney, P.) 72-79 (Woodhead Publishing, 2007).

Fox, P. F., Guinee, T. P., Cogan, T. M. & McSweeney, P. L. In Fundamentals of Cheese Science
251-277 (Springer, 2017).

Guinee, T. P. & Fox, P. F. In Cheese 317-375 (Elsevier, 2017).
De Kruif, C. Casein micelle interactions. International Dairy Journal 9, 183-188 (1999).

Olson, N. F. The impact of lactic acid bacteria on cheese flavor. FEMS Microbiology Reviews 7,
131-147 (1990).

Fox, P. F., Guinee, T. P., Cogan, T. M. & McSweeney, P. L. In Fundamentals of Cheese Science
27-69 (Springer, 2017).

Fox, P. F., Guinee, T. P., Cogan, T. M. & McSweeney, P. L. In Fundamentals of Cheese Science
681-713 (Springer, 2017).

Guinee, T. & Kilcawley, K. In Cheese: Chemistry, Physics and Microbiology 395428 (Elsevier,
2004).

Henning, D., Baer, R., Hassan, A. & Dave, R. Major advances in concentrated and dry milk

products, cheese, and milk fat-based spreads. Journal of Dairy Science 89, 11791188 (2006).

O’Callaghan, Y., O’Connor, T. & O’Brien, N. In Fundamentals of Cheese Science 715730 (Springer,
2017).

Fox, P. F., Guinee, T. P., Cogan, T. M. & McSweeney, P. L. In Fundamentals of Cheese Science
629-679 (Springer, 2017).

Da Silva, D. F., Hirschberg, C., Ahrné, L., Hougaard, A. B. & Ipsen, R. Cheese feed to powder:
Effects of cheese age, added dairy ingredients and spray drying temperature on properties of cheese

powders. Journal of Food Engineering 237, 215-225 (2018).

47



ol.

92.

53.

o4.

95.

96.

o7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Da Silva, D. F., Tziouri, D., Ipsen, R. & Hougaard, A. B. Towards the manufacture of camembert
cheese powder: Characteristics of cheese feeds without emulsifying salts. LWT 127, 109412 (2020).

Koca, N., Erbay, Z. & Kaymak-Ertekin, F. Effects of spray-drying conditions on the chemical,
physical, and sensory properties of cheese powder. Journal of Dairy Science 98, 2934-2943 (2015).

Erbay, Z., Koca, N., Kaymak-Ertekin, F. & Ucuncu, M. Optimization of spray drying process in
cheese powder production. Food and Bioproducts Processing 93, 156—165 (2015).

Voon, C., Foo, K., Lim, B., Gopinath, S. & Al-Douri, Y. In Metal Ozxide Powder Technologies
31-65 (Elsevier, 2020).

Urgu, M., Unluturk, S. & Koca, N. Effects of fat reduction on the stability, microstructure,
rheological and color characteristics of white-brined cheese emulsion with different emulsifying salt

amounts. Korean Journal for Food Science of Animal Resources 38, 866 (2018).
Pisecky, J. Spray drying in the cheese industry. International Dairy Journal 15, 531-536 (2005).

Erbay, Z. & Koca, N. Energetic, exergetic, and exergoeconomic analyses of spray-drying process

during white cheese powder production. Drying Technology 30, 435-444 (2012).

Mujumdar, A. S. & Law, C. L. Drying technology: Trends and applications in postharvest
processing. Food and Bioprocess Technology 3, 843-852 (2010).

Barbosa-Cénovas, G. V., Ortega-Rivas, E., Juliano, P. & Yan, H. Food powders: physical properties,
processing, and functionality (Springer, 2005).

Da Silva, D. F., Ahrné, L., Larsen, F. H., Hougaard, A. B. & Ipsen, R. Physical and functional
properties of cheese powders affected by sweet whey powder addition before or after spray drying.

Powder Technology 323, 139-148 (2018).
Dickinson, E. Food colloids—An overview. Colloids and Surfaces 42, 191-204 (1989).

Farjami, T. & Madadlou, A. An overview on preparation of emulsion-filled gels and emulsion

particulate gels. Trends in Food Science & Technology 86, 85-94 (2019).

Gavlighi, H. A., Meyer, A. S., Zaidel, D. N., Mohammadifar, M. A. & Mikkelsen, J. D. Stabilization
of emulsions by gum tragacanth (Astragalus spp.) correlates to the galacturonic acid content and

methoxylation degree of the gum. Food Hydrocolloids 31, 514 (2013).

Vall-Llosera, M., Jessen, F., Henriet, P., Marie, R., Jahromi, M., Sloth, J. J., Mohammadifar, M. A.,
Petersen, H. O., Jgrgensen, B. M. & Casanova, F. Physical Stability and Interfacial Properties
of Oil in Water Emulsion Stabilized with Pea Protein and Fish Skin Gelatin. Food Biophysics 16,
139-151 (2021).

Mecclements, D. J. Critical review of techniques and methodologies for characterization of emulsion

stability. Critical Reviews in Food Science and Nutrition 47, 611-649 (2007).

Kapoor, R. & Metzger, L. E. Process cheese: Scientific and technological aspects—A review.

Comprehensive Reviews in Food Science and Food Safety 7, 194-214 (2008).

48



67.

68.

69.

70.

71.

72.

73.

4.

75.

76.

7.

78.

79.

80.

81.

82.

83.

Varming, C., Hougaard, A. B., Ardo, Y. & Ipsen, R. Stability of cheese emulsions for spray drying.
International Dairy Journal 39, 6063 (2014).

McClements, D. J. Colloidal basis of emulsion color. Current Opinion in Colloid € Interface

Science 7, 451-455 (2002).

Hotrum, N. E., Stuart, M. A. C., van Vliet, T., Avino, S. F. & van Aken, G. A. Elucidating
the relationship between the spreading coefficient, surface-mediated partial coalescence and the
whipping time of artificial cream. Colloids and Surfaces A: Physicochemical and Engineering

Aspects 260, 71-78 (2005).
Kabalnov, A. S. Coalescence in emulsions. Modern Aspects of Emulsion Science, 205-260 (1998).
Walstra, P. Physical chemistry of foods. Food science and technology series 2002.

Brooks, B. W., Richmond, H. N. & Zerfa, M. In Modern Aspects of Emulsion Science 175-204
(1998).

Lucey, J., Maurer-Rothmann, A. & Kaliappan, S. Functionality of ingredients: Emulsifying salts.
Processed Cheese and Analogues, 110-132 (2011).

Chen, L. & Liu, H. Effect of emulsifying salts on the physicochemical properties of processed cheese

made from Mozzarella. Journal of Dairy Science 95, 4823-4830 (2012).

Caric, M., Gantar, M. & Kalab, M. Effects of emulsifying agents on the microstructure and other

characteristics of process cheese-a review. Food Structure 4, 13 (1985).

Foegeding, E. A. & Davis, J. P. Food protein functionality: A comprehensive approach. Food
Hydrocolloids 25, 1853-1864 (2011).

Burger, T. G. & Zhang, Y. Recent progress in the utilization of pea protein as an emulsifier for

food applications. Trends in Food Science € Technology 86, 25-33 (2019).
Fu, W. & Yano, H. Development of “new” bread and cheese. Processes 8, 1541 (2020).

Hougaard, A. B., Sijbrandij, A. G., Varming, C., Ardd, Y. & Ipsen, R. Emulsifying salt increase
stability of cheese emulsions during holding. LWT-Food Science and Technology 62, 362-365 (2015).

Ray, C. A., Gholamhosseinpour, A., Ipsen, R. & Hougaard, A. B. The effect of age on Cheddar
cheese melting, rheology and structure, and on the stability of feed for cheese powder manufacture.

International Dairy Journal 55, 38-43 (2016).

Corredig, M. & Dalgleish, D. G. Buttermilk Properties in Emulsions with Soybean Oil as Affected
by Fat Globule Membrane-Derived Proteins. Journal of Food Science 63, 476-480 (1998).

Sakr, M. & Liu, S. A comprehensive review on applications of ohmic heating (OH). Renewable and

Sustainable Energy Reviews 39, 262-269 (2014).

Cappato, L. P., Ferreira, M. V., Guimaraes, J. T., Portela, J. B., Costa, A. L., Freitas, M. Q.,
Cunha, R. L., Oliveira, C. A., Mercali, G. D., Marzack, L., et al. Ohmic heating in dairy processing:
Relevant aspects for safety and quality. Trends in Food Science €& Technology 62, 104-112 (2017).

49



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Troy, D. J., Ojha, K. S., Kerry, J. P. & Tiwari, B. K. Sustainable and consumer-friendly emerging
technologies for application within the meat industry: An overview. Meat Science 120, 2-9 (2016).

Hernéndez-Hernandez, H., Moreno-Vilet, L. & Villanueva-Rodriguez, S. Current status of emerging
food processing technologies in Latin America: Novel non-thermal processing. Innovative Food
Science € Emerging Technologies 58, 102233 (2019).

Misra, N., Koubaa, M., Roohinejad, S., Juliano, P., Alpas, H., Indcio, R. S., Saraiva, J. A. &
Barba, F. J. Landmarks in the historical development of twenty first century food processing
technologies. Food Research International 97, 318-339 (2017).

De Alwis, A. & Fryer, P. The use of direct resistance heating in the food industry. Journal of Food
Engineering 11, 3-27 (1990).

Samaranayake, C. P. & Sastry, S. K. Electrode and pH effects on electrochemical reactions during

ohmic heating. Journal of Electroanalytical Chemistry 577, 125-135 (2005).

Nowak, D. & Jakubczyk, E. The freeze-drying of foods—The characteristic of the process course
and the effect of its parameters on the physical properties of food materials. Foods 9, 1488 (2020).

Dumas, J. Procédés de l'analyse organique. Ann. Chim. Phys 47, 198-205 (1831).

Grappin, R., Ribadeau-Dumas, B., et al. Analytical methods for milk proteins. Advanced Dairy
Chemistry-1: Proteins., 1-62 (1992).

Maubois, J.-L. & Lorient, D. Dairy proteins and soy proteins in infant foods nitrogen-to-protein

conversion factors. Dairy Science & Technology 96, 15-25 (2016).

Wilschefski, S. C. & Baxter, M. R. Inductively coupled plasma mass spectrometry: introduction to
analytical aspects. The Clinical Biochemist Reviews 40, 115 (2019).

Shand, P., Ya, H., Pietrasik, Z. & Wanasundara, P. Physicochemical and textural properties of
heat-induced pea protein isolate gels. Food Chemistry 102, 1119-1130 (2007).

Manoi, K. & Rizvi, S. S. Emulsification mechanisms and characterizations of cold, gel-like emulsions

produced from texturized whey protein concentrate. Food Hydrocolloids 23, 1837—1847 (2009).

Law, A. J. Effects of heat treatment and acidification on the dissociation of bovine casein micelles.

Journal of Dairy Research 63, 35—48 (1996).
Lewis, M. J. Physical properties of foods and food processing systems (Elsevier, 1990).

George, H. F. & Qureshi, F. Newton’s law of viscosity, Newtonian and non-Newtonian fluids.

Encyclopedia of Tribology, 2416-2420 (2013).

Lee, S. K., Anema, S. & Klostermeyer, H. The influence of moisture content on the rheological
properties of processed cheese spreads. International Journal of Food Science € Technology 39,

763-771 (2004).

Dickinson, E. Structure and rheology of simulated gels formed from aggregated colloidal particles.

Journal of Colloid and Interface Science 225, 2—-15 (2000).

50



101.

102.

103.

Moreira, T. C. P., Pereira, R. N., Vicente, A. A. & da Cunha, R. L. Effect of Ohmic heating on
functionality of sodium caseinate—A relationship with protein gelation. Food Research International

116, 628-636 (2019).

Sinaga, H., Bansal, N. & Bhandari, B. Effects of milk pH alteration on casein micelle size and

gelation properties of milk. International Journal of Food Properties 20, 179-197 (2017).

Dalgleish, D. G. & Law, A. J. pH-induced dissociation of bovine casein micelles. I. Analysis of
liberated caseins. Journal of Dairy Research 55, 529-538 (1988).

51



Colophon

This document was created using IXTEX 2¢ and edited within the TEXWorks editor. The text body
is set in 11 pt Latin Modern Roman, a typeface derived from the Computer Modern fonts designed by
Donald E. Knuth. The bibliography was typeset using BIBIXTEX.



	Preface and Declaration
	Acknowledgments
	Abstract
	Abstract in Portuguese
	Table of Contents
	List of Figures
	List of Tables
	List of Symbols and Acronyms
	1 Introduction
	1.1 Thesis aim and hypothesis
	1.2 Thesis outline

	2 State of the art
	2.1 Cheese
	2.1.1 History
	2.1.2 Manufacture
	2.1.3 Milk
	2.1.4 Pre-treatment of milk
	2.1.5 Acidification and coagulation
	2.1.6 Post-coagulation processes
	2.1.7 Cheese varieties
	2.1.8 Cheese consumption and benefits

	2.2 Cheese powder
	2.2.1 From cheese to powder
	2.2.2 Powder properties

	2.3 Cheese feed
	2.3.1 Emulsion stability
	2.3.2 The role of emulsifying salts
	2.3.3 Clean label

	2.4 Ohmic heating
	2.4.1 Overlook
	2.4.2 Applications in the dairy industry


	3 Experimental procedure
	3.1 Protocol
	3.2 Materials
	3.3 Experimental methods
	3.3.1 Cheese powder dispersion preparation
	3.3.2 Heat treatment
	3.3.3 Homogenization
	3.3.4 Centrifugation
	3.3.5 Freeze-drying

	3.4 Analytical methods
	3.4.1 Chemical analysis of cheese powder dispersions
	3.4.2 Particle size measurement
	3.4.3 Rheological properties
	3.4.4 Physical stability
	3.4.5 Confocal laser scanning microscopy


	4 Result and Discussion
	4.1 Influence of processing conditions on particle size
	4.2 Rheological properties of cheese powder dispersions
	4.3 Influence of different processing conditions on the stability of cheese powder dispersions
	4.4 Microstructure of cheese disperisons evaluated by CLSM
	4.5 Protein, fat and calcium balance

	5 Conclusions and outlook
	5.1 Conclusions
	5.2 Future perspectives

	Bibliography

