A STUDY ON THE IMPACT OF PHYSICAL DISRUPTION
AND REFORMING ON CHEESE TEXTURE

By
Cagim Akbulut

A dissertation submitted in partial fulfillment of

the requirements for the degree of

Doctor of Philosophy

(Food Science)

at the
UNIVERSITY OF WISCONSIN-MADISON
2012

Date of final oral examination: 05.07.12

The dissertation is approved by the following members of the Final Oral G@mami

John A. Lucey, Professor, Food Science

Franco Milani, Assistant Professor, Food Science
Richard W. Hartel, Professor, Food Science
Scott A. Rankin, Associaterofessor, Food Science
Silvia Cavagenero, Professor, Chemistry



© Copyright by Cagim Akbulut 2012

All Rights Reserved



SUMMARY

In this study, mechanical reforming of non-fat, low-fat and-fatl cheese was
investigated. Our first goal was to understand the mechanisniee$e reformation. In
the context of this study, we adopted the word reform to mean the procesalohithe
cheese into pieces and putting it together to form a cheese Wwoick, may or may not,
differ from its original form. The resulting cheese from thaicpss may also remain
intact or fail to be reformed. Our second goal was to determinadfowning influences
the functional properties and texture of cheese. Reforming thesechsea novel
technique. No study has yet been published on how this process influsntesture of
low-fat cheese, what factors promote fusion between cheeselgzasdfter reforming,
and under what conditions cheese will mostly reform.

We wanted to know how, to what extent, and under what conditions, cheese fus
and sticks back together when it is reformed. We know the plhyaich chemical
properties of cheese and how cheese matrix is initialipédr from milk. Interactions
involved in the transition of milk to cheese can help us to underdtenddtors that are
responsible for the reformation of the cheese network. Cheeseeistialbg a protein
matrix held together by the interactions between caseins (arophobic, electrostatic
and Van der Waals interactions, hydrogen bonds and ion bridges). Eaichnealeeule
in cheese can be simply viewed as a block copolymer with theggagd hydrophobic
and hydrophilic regions offering several interaction pathwayls ather caseins to form
polymers. Factors that influence the strength of the interachodsbonds between

caseins should also determine the level/degree of fusion betweesegbarticles after



reforming. We wanted to alter the strength of those interastand bonds to see how
they would affect the affinity of caseins to stick back togetgamawhen we reform the
cheese. The question was; would the caseins assemble aghey asidt in the initial
cheese making process? If all of the interactions and bondseretften we assume that
there would be no difference in texture between the reformed and the origired.chee

In the course of this study, the impact of grating size, tempergtH and use of
different types of emulsifiers on the reformability of che@see evaluated by examining
the texture, rheology, melt properties and visual appearanceexechamples before and
after reforming process. Cheese was ground up/ shredded by a foossprbsaredder
and then pressed back together to be reformed. Reformation wasydoold lextrusion
under vacuum using an extruder in dairy plant while in laboratory ssg@keriments by
manual pressing.

The impact of the scale of the disruption on cheese protein netwask w
investigated by grating cheese into different sizes (9, 6, 3.&nhm) before reforming.
Non-fat cheese bases were used in this trial to elimitregecontribution of fat on
reforming and to see if reforming can help reduce the texpuoddlems caused by fat
removal. Grating and reforming the non-fat cheese reduced its bardree size of the
particles used for grating did influence the texture propediagformed cheese with
bigger shred sizes giving higher hardness values. All reformegsersamples exhibited
higher degree of flow than the cheese base, while size ofahegdid not influence the
meltability.

Our trials on the impact of reforming temperature (4, 18 or 30°CYhen

reformability and texture properties of non-fat cheese showed \ien cheese was



iii
reformed at higher temperatures the cheese had softareteit vacuum extruder was
used for reforming the cheese samples. Reforming the chedsghat temperatures
produced a smooth cheese with a softer texture.

Reducing the pH of low-fat cheese from pH 6.2 to 5.3 brought about a 93%
recovery in hardness and about 86% recovery in dynamic moduli of treneef cheese
compared to the cheese base. Microscopy and texture test stswiied that cheese
fused and reformed better at low pH values, i.e., with greatelslef colloidal calcium
phosphate (CCP) solubilisation. At high pH, i.e. 6.2, reforming tleesd reduced its
hardness and storage modulus while making it more meltable whglativibuted to the
presence of weaker interactions and incomplete recovery of the bamd=ebecaseins
after the reforming process.

Impact of different types of emulsifiers (anionic emulsifieri¢ric acid esters of
monoglycerides (CITREM), diacetyl tartaric acid esters ohaglycerides (DATEM),
sodium stearoyl lactylate (SSL), zwitterionic: lecithin amwbn-ionic: distilled
monoglycerides (DM), lactic acid esters of monoglycerides (CEM), acetic acid
esters of monoglycerides (ACETEM) and sorbitan tristeai@i&) on reforming aged
low-fat and full-fat Cheddar cheese was investigated. Non-iemiglsifiers did not alter
the texture of full-fat cheese except for the addition of 8F3exture properties at low
temperatures, while they increased the meltability of thdfdtitheese. Use of non-ionic
emulsifiers seemed to make the low-fat cheese more pronératture during
compression except for STS. As for the anionic emulsifiers,ri8@lced the hardness of

low-fat cheese and made it very sticky and soft. CITREM, DAT&M STS appeared to



produce firmer cheese. The use of DATEM and SSL resulted in ctiextdead exhibited
significantly lower loss tangent maximum compared to control cheese.

The overall results of this study suggested that reformingsehereated a
weaker/softer cheese protein network through the physical disruptidorafs and
interactions. There was a partial recovery of the bonds and imndexsacn all cheese
samples when shreds were repressed back into cheese blocksy @mndtreforming the
cheese imparted some level of discontinuity to the protein mttak was easier to
compress and thus was better to chew down. Temperature used forngforfluenced
cheese fusion and the final textural properties of the cheeseadacne temperature
increased the hydrophobic interactions, and accompanied by therdveatt mobility,
which promoted the fusion of the cheese particles. Cheeses rdfcamdiigher
temperatures (~30°C) were still softer than cheeses refbanlow temperature after 1
week of cold storage probably due to the incomplete recovery ofbdhes and
interactions that were broken as heated. At low pH, cheese fusogreater since the
solubilization of CCP crosslinks with the decrease in pH increbsed mobility of
caseins. Anionic emulsifiers changed the texture propertieheofréformed cheese,
probably due to their strong interaction with caseins through theirged groups.
Addition of emulsifiers during reforming resulted in differencesveen the full-fat and
low-fat cheese especially with the use of more hydrophobic non-ionitsdiers, which
was probably due to their higher affinity to interact with &her than proteins. While
low-fat cheese reformed with non-ionic emulsifiers did not show diffgrence in

meltability as compared to control, they increased the degree of flow fafglheese.
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Chapter 1

LITERATURE REVIEW AND OBJECTIVES

1.1.INTRODUCTION

Cheese is one of the oldest foods consumed by humans dating back before
recorded history. It is not clear where cheese making ishategl, either in Central Asia,
Middle East or Europe. Most authorities believe that cheeseirsasbde around 8,000
years ago in a region called Mesopotamia located between gis &nd Euphrates
rivers in the Middle East. Apparently, cheese was discovered sden te
domestication of animals and use of their milk; and it was probabln humans
accidentally realized that curdling of milk yielded an edilvld enore stable product (Fox
and McSweeney, 2004). The word “cheese” comes from Latin word ugasrom
which “casein” is derived and from the proto-Indo-European root “kwatichvmeans
“to ferment, become sour” (Mallory and Adams, 2006). Essentikyetrliest types of
cheese were a form of sour milk. Acid development in milk istduke growth of lactic
acid bacteria which coagulated the milk into a gel; this uméis then separated into
curds and whey when disrupted. Heating raw milk that was held warm for eniffiicne,
to have a considerable amount of acid development, again caused ceepiagting the

milk into two phases. Presumably, those curds were the precwbkdoslay’'s acid-



coagulated cheese types such as Ricotta, Cottage, Quark, Kaeshand Paneer.
Incorporation of proteolytic enzymes in cheese making was believed to firsinhaggiea
at a very early date, when milk was stored in bags made dbeaftomachs of young
animals, presumably in an attempt to obtain milk curds observed stotmach of young
mammals after slaughter. It was the residual rennet en#tyamteoagulated the milk in
those stomach bags (Olson, 1995; Fox and McSweeney, 2004).

Curds produced by rennet are very different from the acid-prdaeipitards. Due
to its better syneresis properties, rennet coagulation mautessible to produce low-
moisture cheese, which was more shelf stable. Therefore, réreetecmanufacture has
become the dominant type over the acid coagulated cheeses, with >7b% total
world production (Fox and McSweeney, 2004). Over the centuries, cheesdgacture
has evolved into enormous variety of cheese types with differstéstand textures
particular to different countries, regions, climates and milk ssur€oday, cheese has
the highest diversity among dairy products with about 2000 varietiendatbe world,
yet its manufacturing protocol is based on similar principlesniost types (Olson,
1995). Cheese is a complex food product due in part to its biologieaity
biochemically dynamic nature. Even slight differences in the sehesaking protocol,
starter culture selection and ripening conditions can produce diffgnees of cheeses.
Basic cheese making steps involve pre-acidification of pastdumiz& either by starter
culture or acid addition, clotting of the milk by acidification and/or milk algteenzymes
and whey removal where approximately 90% of the water in mitkained along with

lactose, serum proteins and soluble salts. The subsequent ctrebhresavary depending



on the cheese type and usually include salting, shaping, presshey afeese curds and
ripening (Olson, 1995).

Cheese types are classified into several groups based on thedmef
coagulation, source of milk, composition, firmness, texture, charstatatpening agents

and manufacturing techniques (Table 1.1) (McSweeney et al., 2004).

Table 1.1. Classification of cheese varieties (Adapted from McSweeray 8004)

CHEESE
|
v
RENNET . AQS'&TED HEAT/ACID CONCENTRATION -
COAGULATED Cotiage. COAGUATION CRYSTALLIZATION
Ricotta Mysost

Cream, Quark

COLD PACK

CHEESE

PROCESS
CHEESE

[ NATURAL CHEESE ]

A 4

! v

Surface ripened

Internal bacterially Mould ripened :
ripened H_avartl
Limburger
Int | 1d Munster
Surface mould n erga mouf . Port du salut
(usually P. camemberti) (P. roqueforti) Trappist
Brie Roquefort Taleggio
Stilton 99
Camembert Tilsit
| v v
Cheese with eyes ) e ]
v v v 4 High salt varieties Pasta filata
Extrachard Hard Semi-hard { } Domiati varieties
xtra-har ar -
Grana Cheddar ~ Caerphilly Swiss type Dutch type Feta '\KA:sztfl?;\e;g&Il
padano Cheshire Montrey jack Emmental Emmental Provolone
Parmesan Graviera Mahon Gruyere Edam
Asiago Ras Maasdam Gouda
Shrinz

Reformed cheese or so called blended cheese is a recent apprteseitheese-

making industry used for the incorporation of spices, herbs or fants for the



mixing/blending of two or more types of cheese (e.g. cheddedifferent colors). This
approach is mainly used to increase product variety with eyeineallernatives to
attract consumers and can be applied to many cheese typesotessprf reforming the
cheese involves breaking up the cheese into pieces, blending wigdiemds and
forming it back into a cheese block by pressing (Harbutt, 2009).ré&fasmation step is
often performed by passing the cheese through an extruder. Thextoision of cheese
is also used in some types of “cold-pack” cheese varieties produced irSthi¢ ig also a
convenient way of portioning the cheese for retail packaging (Mu20e5).

There are few studies on cheese reforming, where inste#fie dfesh cheese
curds, the final (or aged) cheese is blended. No detailed stugyethbsen published on
how the reforming process influences the overall textural andtstal properties of the
cheese, what factors promote fusion between cheese partieleseédrming, and under
what conditions cheese will actually reform. There are patenextrusion of the cheese
into the form of slices, shreds or cheese blocks (Mueller, 2005; ldoémé Rivero,
2007; Reeve and Justiz, 2008; Holmes et al., 2011). A study by NelsoBaanahno
(2004) involves cheese reforming to improve the flavor charaatsrist reduced fat
cheese produced by reforming after grinding and by extrachiagfat from full fat
cheese. They found that the texture of the reformed cheese e@asi@r and softer than
the original full fat cheese, as evaluated by sensory panelists.

Another way of producing blended cheese is mixing fresh cheese alutte
same or different types with or without spices, herbs or frdising cheese
manufacturing. Curd blending in fact is a traditional step inntlaking of some cheese

varieties to maintain a certain level of acidity and uniqudutex e.g. Lancashire



(Robinson and Wilbey, 1998). There are very few studies on curd blending. Chlen e
(1994) studied the sensory properties of reduced fat Cheddar chiestsase produced
either by blending low and high fat curd or by blending aged fultiaese with low-fat
curd. They found that blending aged Cheddar cheese into low-fat chedsessulted in
higher Cheddar flavor intensity; however, texture scores werasoavresult of improper
fusion of the cheese curds. Characteristics of reduced fat chelelzse produced by
blending of full-fat and skim cheese curds at whey drainage twd®d by Fenelon et al.
(1999) and it was found to be softer than the conventionally made redicgtdddar
cheese.

In the manufacture of some cheese varieties, such as, Chdtklathea whey is
drained, curds are allowed to mat together. This curd mass isuhirtiocblocks and the
blocks are piled up and turned around regularly until a chicken-bikastekture is
obtained. These cheese curd blocks are then milled, salted and pnés$ebps. Those
milled cheese curds fuse together and form a uniform cheese blotkngBn and
Wilbey, 1998). Reforming the cheese can be viewed as recurrenhatohitling and
pressing steps during Cheddar cheese making. What makes ¢nerdif is the freshness
of cheese curds/particles. Fresh cheese curd is stillivdeexpels water during pressing.
Syneresis (water loss) is not expected to happen when reforgeagcheese particles.
The amount and state of the water in the cheese/curd paraciesfluence their ability
to reassociate, however, the mechanism through which those pdusdes probably
similar. Therefore, the chemical and physical changes that ocangdiireese making
are important as well as its overall textural and biochemiagbgrties of cheese for

understanding the mechanisms involved in cheese reforming. Knowdétiye nature of



the interactions involved in the transition of milk to cheese can atierstand the
factors that are responsible for the reformation of the cheese network.

In this chapter, cheese manufacture, structural and functional fesp&rcheese
and the influence of cheese components on structural and functionaltipo@ee
reviewed to be able to develop an understanding of the behavior clectvben it is

reformed.

1.2. CHEESE MANUFACTURE

Transition of milk into a gel and then to cheese curd takes plat&a main
steps; gelation of cheese milk and conversion of the gel into chéesk involves
dehydration of the gel and curd treatments. Since milk is thenmmaterial used for
cheese, its quality has a direct influence on the quality of Hem=se (Fox and

McSweeney, 2004).

1.2.1. Milk as a Raw Material for Cheesemaking

Worldwide bovine milk constitutes the majority of the total milledisor cheese
manufacture, and the remainder consists of sheep, goat and buffalo Thikspecific
set of desired milk properties for cheese manufacture depends cmetse type. Flavor
profiles of certain cheese varieties are obtained from trafispailk type used for their
manufacturing, such as, Mozzarella di buffalo, which is made traffalo milk and
Pecorino romano that is made from sheep milk. The whiteness, gglagon and the
overall compositional differences between the milk types fromrdifteanimal sources

all contribute to the final characteristics of the cheese (Guinee ante@'B010).



Table 1.2. Composition and organizational structure of milk (adapted from Walatra et

Component Average content in milk (%, w/w) Range (%, w/w)
Water 87.1 85.3-88.7
Lactose 4.6 3.8-5.3
Fat 4.0 2.5-5.5
Protein 3.3 2.3-4.4
Mineral substances 0.7 1.7-0.83
Organic acids 0.17 0.12-0.21
FAT GLOBULE CASEIN MICELLE
W/ater +
. Protein F00mg
Glycerides . Phospholipids 250 mg Protein
Triglyserides 40 g Crebrosides 30 mg Casein 26 g
Diglyserides  0.1g Glyzeride + Proteose peptone  +
_ Moncglyserides 10 mg Fatty acids 15 mg Salts Zg
Fatty acids 50 mg Sterols 15 mg Ca 850 mg
Sterols 90 mg Other lipids Phosphate 1000 mg
Carotenoids 0.3 mg Enzymes Citrate 150 mg
Vitamins A, D, E, K Alkaline phosphatese K, Mg, Na
Water 60 mg ¥anthine oxidase Water ~80 g
Others Many others Enzymes
4 ug Lipase
100 pug Plasmin
serum
LEUKOCYTE
caseing-
micelles WMany enzymes
(-] e.g., catalase
o o Muclzic acids
.2 o, Water
o O0°
ﬂ-' o
OO
o
°° 0O LIPOPROTEIN
o O° PARTICLE
o= O
NN
2
VWater 790 g Organic acids Proteins
Citrate 1600 mg Casein +
Formate 40 mg B-lactoglebulin 3349
Cirat:;ltlg‘};irate 46 g Acetate 30 mg a-lactalbumin 1.04g
Glucose 70 mg Lactate 20 mg Serum albumin 0.3g
others Oxalate 20 mg Immunoglobulins 0.7 mg
others 10 mg Proteose peptone +
Minerals Dthers
Ca, bound 300 mg Gases " tein nit
Ca ions 30 mg Ooygen 5g onpro emtn rogenous
Mg 70 mg Mitrogen 16 mg CUP";pp%E:; s .
K 1500 mg ! .
Ma 450 mg Lipids flxrnlnu acids 253 mg
cl 1100 mg Glycerides Al;ﬁ;unia -1_.0 mg
Phosphate 1100 mg Fatty acids 20 mg v 00
Sulfate 100 mg Phospholipids 100 mg s
Bicarbonate 100 mg Cerebrosides 10 m
Sterols 70 mﬁ Enzymes
th Acid phosphatase
Trace elements others Peroxidase
Zn 3 mg many others
Fe 120 pg ‘itamins
Cu 20 pg B vitamins. 200 mg Phosphoric esters ~300 mg

many others

Aszcorbic acid

20 mg

Others




Factors that affect the cheese making quality of the milk eadiivbided into five
groups as; composition, microbiology, somatic cell count, enzymatigta@nd levels
of residues/ contaminants. Composition of milk can vary depending omakdeaetors,
such as, animal type and species, season, stage of lactation,thgeanimal and feed
quality (Guinee and O’Brien, 2010). The chemical composition and steuctiuthe
bovine milk is given in Table 1.2 (Walstra et al., 2006).

Cheese is essentially a concentrated form of casein andrfalkintherefore the
ratio of the casein to fat present in milk is of great importaacgheese quality. Figure

1.1 shows an example of the transfer of the components in milk éself¢/alstra et al.,

2006).
. . 10 15 100
\ . 1 A\ |
=
Mik Fat (true) |2 Other dry Water
Protein |g matter
17}
II !' J. ' \ )
‘ B Added salt
Cheese Fat Protein Water
0 2 4 6 8 10

Figure 1.1. Example of the gross composition of milk and cheese (Scales are in kg)
(Walstra et al., 2006)

Changes in the fat:casein ratio of cheese milk would requitestaagnts in the
cheese making procedure in order to maintain the same compositibrieature
properties (Guinee and O’Brien, 2010). The standardization of milk priatheese
making is performed in order to adjust the milk composition to @tdagjcasein ratio, to

minimize the compositional variation in milk and to maintain the regufat:protein



ratio in the final cheese (Fox and Cogan, 2004). The rennet coadulabimilk, gel
strength, curd syneresis, cheese composition, yield and quality depahdent on milk
composition. Cheese yield estimations are made based on the cabé eontents of
the cheese milk. Composition of milk fat affects its meltingipand so the amount of
the fat that melts and gets lost from curd during cheese makifhe fat in milk
contributes to the flavor and texture of cheese. Any treatmeniflofhmat causes damage
to the fat globule membrane (shear, turbulence, homogenizationgledise free fat and
lead to undesirable flavors due to their breakdown. Rancidity in cieeesesed by the
formation of free fatty acids due to lipolitic activity and vehgenerally considered as off
-flavors, they are desired flavors for some types of Italiageses. Different types of
fatty acids have distinct flavors, and hence influence cheese.fl@eat milk has high
amounts of short chain fatty acids, which gives the charactepistiant flavor to some
traditional hard Italian cheeses, such as, Parmesan and Romanas(Roéind Wilbey,
1998).

Protein content of milk and its gel forming quality are importantcheese
making. Certain genetic variantsiotasein are associated with higher cheese vyield, high
fat recovery and less curd fines in cheese whey, probably rétatsdimproved clotting
properties (Horne and Muir, 1994). Goat milk shows much slower rgetegion and
forms weaker gels than cow’s milk due to its lower ratiofto as-casein than bovine
milk and therefore, is more suitable for soft cheese making (Robinson aoel\\iP98).
Whey proteins are not retained (to any great extent) in mosseharieties. High heat

treatment of milk causes denaturation of whey proteins resultitigeininteraction with
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caseins, which in turn hinders the rennet coagulation properties of rbatadt milk
(Robinson and Wilbey, 1998).

Lactose in milk is either lost into cheese whey or fermentedténter culture
during cheese making, therefore there is only little or traceuats of residual lactose
left in cheese (Guinee and O’Brien, 2010). Calcium is another inmpartenponent of
milk for cheese making. The amount of colloidal calcium phosphat®)Csslinks
between the caseins influence the textural properties of chibessfpre ratio of soluble
to CCP and the total calcium in milk is critical. Increasenilk acidity solubilizes the
CCP and as the casein-bound Qavel decreases in cheese, it becomes softer and more
meltable (Lucey et al., 2003). Other factors that influenceqgttaity of milk include
microbial load, enzymatic activity and health of the animal (GuarekO’Brien, 2010).
In addition to those factors, milk should be free of chemical resibkesantibiotics.
Improper hygienic conditions during milking and transport result ircrobial
contamination and high microbial counts which can cause a dramagasecin acidity
and enzymatic activity. Heat resistant proteolytic and lipplgtizymes and the bacteria
that survive the heat treatment will also negatively aftdwetese quality (Guinee and

O’Brien, 2010).

1.2.1.1. Milk proteins

Major proteins in milk are caseins and whey proteins and theg wérally
distinguished by their solubility at pH 4.6. Caseins make up about 80%e ototal
protein content and precipitate at pH 4.6. Whey proteins are solulgel @6 and

constitute about 20% of the total protein in milk (Walstra et al., 2006).
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(a) Caseins

Caseins are described as phosphoproteins owing to their postticaradiha
phosphorylated serine residues. They have a random-coil structbrextriémely open
and flexible conformation due to their high proline content. Thek ¢tdcsecondary and
tertiary structures makes them heat stable. Each caseectutelhas hydrophobic and
hydrophilic regions. This amphiphilic nature of caseins is importantheir self-
association mechanism. Hydrophilic regions contain phosphoserine groups and
phosphoserine clusters form CCP linkages. The number of phosphoseriaesclasies
for the different types of caseins. There are four main typessdinsps:-, sz, -, k-
casein, present at approximate molar ratio of 4:1:4:1 (Horne, 2002; Walalra2€06).

k-Casein has no phosphoserine cluster and it is the only glycosyasedh.
Glycolysation occurs at the C-terminal. The hydrophobic N-termifiak-casein is
positively charged, while C-terminal is negatively charged usually contains only one
phosphate group. The lack of phosphoserine cluster stabikzessein against
precipitation by CH ions. There are two cysteine residues-casein which may form
intermolecular -S-S- bonds creating oligomers of up to k-@¢dsein molecules-Casein
also complexes witB-lactoglobulin via disulphide reactions upon heating (Walstra et al.,
2006).

The a- and B-caseins are sensitive to calcium to such an extent that the
concentration of calcium in milk should be sufficient to precipita@m. as;-Casein is
the fraction ofus-casein that precipitates at >4 mM Ca&blution (pH 7.0, 0-4°C). It has
the highest net negative charge and its C- and N-terminalsyairophobic while the

central part of the molecule is very hydrophilic having seven ofetget phosphate
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groups present in this molecule (Ng-Kwai-Hang, 2002)Casein is the most calcium
sensitive and the least hydrophobic casein having the highest numipdogihate
groups. It has two hydrophobic and two hydrophilic segments andirtomie cysteine
residues (Walstra et al., 200g-Casein is the most hydrophobic casein and has the
highest number of proline residues making it very flexible (Wéalkst al., 2006). The N-
terminal segment has all the phosphate groups and is highly nggahieeged while the
rest of the molecule is highly hydrophobic and has no net charge (Ng-Kwai-Hang, 2002).
In solution, each type of casein molecule has a strong tendency-asseciate
through hydrophobic interactions (Horne, 2002). Hydrophobic regions of casm@ins
interact intermolecularly. Self-association @fcaseins results in the formation of
detergent-like micellar structures that resemble a hedgehbgansentral hydrophobic
core from which hydrophilic peptides stick out ang-caseins form worm-like structures
with the hydrophobic segments of one molecule interacting with dhat different
molecule (Figure 1.2JsrCasein and-casein show a similar self-association behavior
as for thenss- andp-casein. The degree of association, and hence the size of the polymers
is limited due to localized electrostatic repulsion of negativdlarged phosphoserine

residues (Horne, 2002).

(a) self-association of B-casein (b) self-association of ag4-casein

Figure 1.2. Self-association pfcasein ands;-casein (Horne, 1998).
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Figure 1.3. Dual-binding model for casein micelle (Horne, 1998)

In milk, caseins are mostly present in the form of miselleat are spherical in
shape and have various sizes (50 to 500 nm diameter, avefd&fenm) and molecular
weights (16 to >10 Da, average: 1¢° Da). The dry matter of the micelles is ~94%
protein and ~6% mineral, which is mainly CCP (Horne, 2006). They anéythgdrated
(2-3g HOI/g protein) and very open having a large voluminosity of ~4 mLayr(él
2002; Horne, 2009). Three-dimensional structure of the casein misehetiwell
identified since it cannot be crystallized. Several models hame peposed to explain
its structure. According to the dual-binding model (Horne, 1998), one of mutusls
accounts for the behavior of casein micelles under several conddas®sn micelles are
formed as a result of the association behavior of caseins withotiaer hydrophobically
and by CCP. The formation of CCP bridges results in a reductitmeimet negative

charge and hydrophobic attractions become domima@tseins terminate the micelle
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growth as they do not allow further linkages, and they stalitieemicelle as they are
insensitive to calcium ions and their hydrophilic glycosylagsidues stick out from the
micelle forming a steric protective layer. A schematic @spntation of the dual-binding
model for casein micelle is given in Figure 1.3.

Micelle integrity is maintained mainly by hydrophobic and etesttitic
interactions (Horne, 1998). The interaction energy between casdacules is a product
of the balancing act between electrostatic repulsion and atganteractions as shown
in Equation 1.1 (Lucey et al., 2003).

Interaction energy = Electrostatic repulsien Attractive interactions

Multiple negatively charged Hydrophobic
phosphoserine residues CCP crosslinks
Charged groups of amino Charge bridges

acid residues [Equation 1.1]

Each type of interaction is controlled by temperature, typbeotasein and the
residual charge on the casein molecule, which is directiyenfied by pH, ionic strength
and C&" binding (Lucey et al., 2003). Decrease in temperature reducegdraphobic
interactions causing a release of caseins from the mibell@re not bound to the casein
micelle through CCP crosslinks. While at physiological tempegaalmost all of the
caseins in milk take part in the micelles, cooling the nulk3C reversibly dissociates a
considerable part gf-casein into the serum phase. Dissociatiork-9fas;-, and as>
caseins occurs at a lesser extent (Walstra et al., 200@tminets that disrupt the
hydrophobic bonds, e.g. adding urea, or that dissolve calcium, can disintegrassein
micelle. Removal of CA at neutral pH increases the electrostatic repulsion by the
exposure of negatively charged phosphoserine residues and resultsitiegchsion of

the micelle, however, reducing the pH at the same time compeiffsatas increase in
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the negative charge of the system and keeps the micelle togetheri@balt®®7). When
the pH of milk decreases, the net negative charge and solvationaaisitia micelles are
reduced, CCP gets solubilized and at pH ~5.3 complete solubilizattbe &CP occurs.
At this point, limited casein dissociation is seen when the tertypers >20°C, at 30°C
there is almost no release of caseins (Lucey, 2004).

There are approximately 10to 10°° micelles per mL of milk at 2.5 g/100 mL
casein concentration, meaning that casein micelles arelyclpaeked in milk with a
distance of less than one micelle diameter. What prevents tbemsticking together is
the electrostatic and steric repulsion (Horne, 2009). The syabflithe micelle, or its
controlled destabilization for cheese and yoghurt manufacturingyitisak in the
processing and quality characteristics of a wide range of deoducts (Holland, 2009).
The destabilization of casein micelles can occur by one of feethods; 1) enzyme
(rennet) action: cheese, 2) acidification: yoghurt, 3) ethanelnaerliqueurs, and 4)
combination of acid and heat: Ricotta cheese. Surface propertesah micelles are
very important for the stability or coagulability of milk arftetcasein interactions both
between and within the micelles govern the textural propertidaiof products (Horne,
1998; Lucey et al., 2003).

(b) Whey proteins

Whey proteins are globular proteins and they denature when expo$ezhtt
They are not phosphorylated, thus they are insensitive 16 iGas. The two major
fractions of whey proteins are; lactalbumins, soluble in 50% atatlir(NH),SO, or
MgSQ,, and lactoglobulins, which are salted out under these conditions. Lamibgl

fraction contains immunoglobulins (Fox, 2009). In bovine milk, the mainlbactan
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fractions,p-lactoglobulin andi-lactalbumin, make up 70% of the whey proteins in which
B-lactoglobulins constitutes about 50% of the total whey proteins dadxMcSweeney,
1998).

B-lactoglobulin has a very compact globular structure and consi&2akesidues
per monomer, with a MW o£18 kDa. It forms tetramers at pH 3.5 to 5.5, dimers at pH
5.5 to 5.7 and it remains in monomeric form when pH is below 3.5 or abovE&adk (
2009). It contains two intramolecular disulfide bonds and one thiol group per raonom
The thiol group is very reactive upon thermal denaturation, whichwslit to interact
with the disulfide groups of other proteins, in particulancetasein. The denaturation
temperature off-lactoglobulin is ~73°C (Cayot and Lorient, 1997).

Consisting of 123 amino acid residuedactalbumin is a relatively small protein
with a MW =14 kDa. It has four intramolecular disulfide bonds but no free thiol group,
phosphate or carbohydrate. It contains on&" @ar mole.a-Lactalbumin takes part in
lactose syntheses, therefore there is a relationship betwelactbee andi-lactalbumin

contents of the milk (Fox, 2009).

1.2.1.2. Milk Lipids

Fat in milk mostly exists in the form of large globules ofimas sizes (0.1-2(m
diameter — average 3-4 um) emulsified in the aqueous phase. The globules have a non-
polar lipid core consisting of mainly triacylglycerols that@ated by a complex polar bi-
layer, namely milk fat globule membrane (MFGM). MFGM hagyttite structure with
an inner layer of phospholipids and proteins, an interstitial protein aodtan outer
membrane layer with an associated glycocalyx (MacGibbon et28D6). This

membrane comprises the 2-6% of the mass of fat globules (Keenaviagimel, 2002).
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Triacylglycerols account for 96 to 98% of the total fat. Theucture of the
triacylglycerols influences the action of lipolytic enzymed ¢he flavor of cheeses; it is
responsible for the melting point, crystallization behavior, and rhexabgroperties of
milk fat. Structural properties of the triacylglycerols depemn their fatty acid
composition (Jensen, 2002). Long-chain saturated fatty acids have mgherg point.
Due to the variation in the degree of unsaturation and MW of theylglycerols, milk
fat has a broad range of melting points (from around -40 to 4083)dkd McSweeney,

1998).

1.2.1.3. Lactose

The main carbohydrate of the milk is lactose, a disaccheoidsisting of glucose
and galactose, and its only known source is milk. Lactose is a redugyag and can be
found in two anomeric formsx(andp). As with all reducing sugars, it can be involved in
the Maillard reaction. Lactose is the carbon source for the grofudeactic acid bacteria,
and therefore is important in the acid development and the manefaiftdermented

dairy products (Fox, 2009).

1.2.1.4. Minerals

The most important salts in milk are calcium and phosphate. Milk is overgalturat
with calcium and phosphorus with no observed precipitation. Their aseaciatth
caseins in a colloidal state keeps them in solution. They pléaglaole in the formation
and stability of the casein micelles and they are criticatiportant for both the

nutritional and technological aspects of milk. Partition of’Gand PQ® between the
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soluble and colloidal states depends on environmental factors, e.gemierature,

concentration (Lucey and Horne, 2009).

1.2.2. Pre-treatment of cheese milk

Pre-treatments of cheese milk include removal of contaminant sdebri
killing/removal of pathogenic and spoilage bacteria, standardizafidat:protein ratio
and pre-acidification. Adding Cag£to aid coagulation is a common practice (Bennett
and Johnston, 2004). Depending on the initial milk composition, standardizatidreca
done by removing water and fat, or by the addition of cream, sk@nmilk, milk
powder, evaporated milk or ultrafiltration retentate (Robinson and Wiltk898).
Fat:protein ratio of the milk determines the fat in dry mattentent in cheese.
Standardization of cheesemilk is necessary to maintain takylegquired fat and solids
content and to improve solids recovery (Johnson and Law, 2010). Pre-atadifioa
milk is achieved either by fermentation with starter cultareby direct acidification
using food grade acids. It is possible to make cheese withoaclécation, however,
acid development in milk is desired since it aids coagulation @wodotes curd
syneresis, and also when starter cultures are used, they camtptee growth of
pathogenic and spoilage bacteria as well as contribute to flavetogenent in cheese

(Johnson and Law, 2010).

1.2.3. Coagulation
Coagulation of milk is the central step in cheese making andbeadone
enzymatically or by acidification or combination of acid-h@abx and Cogan, 2004).

The vast majority of cheeses are produced by enzymatic coagul@iuinee and
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O’Brien, 2010). Enzymatic coagulation of milk occurs in two overlappingédiathe
enzymatic phase, in which hydrolysiswetasein takes place, and the aggregation phase,
in which destabilized casein micelles aggregate in the presér@ea? ions at >15°C.

Figure 1.4 represents the time course of rennet coagulation (Harboe @1@)., 2

CMP release

Gel firmness
Viscosity

CMP release, viscosity or gel firmness

C-to oo %o 8o
00 % o o° cqg
o 5% ° § 8 ®
oo o © &
o o % % © & o
E "o L uug ‘ﬁ I3 &,
Stable Aggregation Gelation

Figure 1.4. Schematic representation of the time course ofvérgseduring enzymatic
milk coagulation and their relation to the stages of stability, eaggion and gelation.
CMP, caseinomacropeptide; C, casein micelles; E, enzyme nmleChlaracteristic
times: CT, clotting time, GT, gelation time, TC, time to cutting. to obtain the desired

firmness (Harboe et al., 2010).

When the milk clotting enzyme chymosin is added to milk, it sjpathy cleaves

the Pheys-Metips bond onk-casein molecules and releases glycomacropeptide; the
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hydrophilic end of thec-casein into the serum. Loss oftasein hairs reduces the steric
stability and the net negative charge of the micelles. Coaguldibes not occur until
~87% of thex-caseins are hydrolyzed (Horne and Banks, 2004). The destabilized
micelle, para-casein, binds Gaions strongly. In the absence of free *€éons,
coagulation does not occur.

Mechanism of aggregation step is not fully understood. It is suggistedd?
ions form bridges, neutralize the charges and with the loss dfasltic repulsion,
hydrophobic interactions dominate. If the temperature is below 15fl€,dggregation
occurs (Lucey, 2004). Hydrophobic interactions are not as strong a@étoperatures. It
is also claimed that, at low temperatufesaseins can protrude out of the micelles
forming a surface barrier preventing the action of the enzyme-aaseins (Dalgleish,
1992). Aggregation starts with the formation of small linearrchaf renneted micelles.
The time point when the first visible aggregates are seeffeise@ as the clotting time.
As coagulation continues, these small aggregates grow intoeadimensional network,
in other words milk proteins form a gel entrapping the fat anghséHorne and Banks,
2004). Viscoelastic development of the gel during the course ofagelatgiven in Fig
1.5.

The sharp decrease in the loss tangent corresponds to the eistbleg time.
The initially viscous structure of the coagulum rapidly gaiastedity as indicated by the
increase in the elastic modulus, G', which then rapidly crossegioe viscous modulus,
G" (not visible on the scale of Fig 1.5) (Choi, 2009). If the geéfisundisturbed, gel

firmness, as detected by the growth of the dynamic moduli,aseseuntil it reaches a
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maximum, and eventually decreases due to macro/microsynemdsmaeolysis (Roefs

et al., 1990).
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Figure 1.5. A typical example of the change in viscoelastic peteasduring rennet gel

formation. G'(&), G": (X)), loss tangem('} (Choi, 2009)

1.2.4. Post-coagulation treatments

After coagulation, when the gel reaches a sufficient firmness cut into cubes
to accelerate syneresis and whey removal. Cutting size infaghe moisture retained
in cheese with smaller curds holding less moisture (greatixce area). Larger amounts
of whey are released if the gel is cut when it is so$ylteng in a lower moisture content
in the final cheese. Cutting the gel when it is too weak azaate small cheese fines
which are lost with whey (Fox and Cogan, 2004). Curd particles expet,vgarink and
with the loss of fat and whey on the surfaces, they develop arpstiei (interface). The

skin prevents further fat loss but allows whey flow. Skin development is callekhtiiea
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and is considered necessary for the curd to withstand the subsequkmteatments
(Johnson and Law, 2010). The curd-whey mixture is then stirred whilendpetat
temperatures ranging from 30 to 55°C depending on the cheesetiypeg Brevents the
clumping of curd pieces and facilitates more whey expulsion. Theewhey is drained.
Curd treatments vary depending on cheese type. For most vacetigs are transferred
into moulds where further drainage and acidification occur. The cntitlps start to
fuse together closing up the gaps and forming a continuous mass. ®isssplied to
maintain a good contact between curd particles (Fox and McSwe2@64). For
adequate curd fusion, the curd particles have to flow, resulting imcegase in contact
area between adjacent curd particles and new bonds have toreel foetween adjacent
particles (Luyten et al.,, 1991). Curd fusion occurs due to the asenocizt casein
molecules on the surfaces of the curd particles. Casein molecalesore flexible below
pH 6.0 due to CCP solubilization, and therefore fuse better. Curd fisninesease
during the curd treatments with the loss of additional moisture (Lucey et al., 2003)

In pasta-filata type cheeses, the curd is stretched in hat (#&@°C) at a certain
pH range. In traditional Cheddar-type cheese processing, thescandled and salted
before pressing in moulds. Soft cheeses are generally hoopedafightdraining.
Depending on the cheese type, salt may be applied in the form sdlting where salt is
directly added to cheese curds, or brine salting, where cheedes llieec immersed in
saturated salt solution. Following manufacturing, most cheesdiggarae ripened for a
length of time that is dictated by the type of the cheese and desired yrlattgit

Initially, cheese has a relatively loose network of para-naaggregates with

interparticle boundaries and openings which then mostly disappear witbngweng
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fusion of the para-casein aggregates. During ripening a comgtes ©f biochemical
changes occur resulting in flavor development and textural changelseese. These
changes are influenced by ripening temperature, cheese pH,actamunig protocol and

the addition of specific enzymes and microorganisms (Fox and McSweeney, 2004).

1.3. STRUCTURAL AND FUNCTIONAL PROPERTIES OF CHEESE

Cheese is essentially a particle gel formed by the walgghosphate-para-casein
aggregates. The para-casein network extends in all directionsusdimg the fat
globules. There are discontinuities in the matrix at the mamd-macro-structural level.
Depending on the manufacturing conditions, fat globules can clumphé&rgand
coalesce. Curd granule junctions or curd chip (milled) junctions arevelolse Cheddar-
type and dry salted cheese varieties (O’Callaghan and Guinee, 2004).

Structure of cheese determines its mouth-feel charaaterigtnd functional
properties that are perceived as firmness, softness, cohesivanesginess, chewiness,
brittleness, crumbliness, sliceability, adhesiveness and in baking tiopsraas,
meltability, stretchability, browning and oiling off. The phyi@roperties, such as,
microstructure, texture and rheology of the cheese are ewdluatepredict its

functionality and performance (Lawrence et al., 1987; O’Callaghan and & 2i0@4).

1.3.1. Microstructure

Microstructure of cheese partly reflects its composition, idigion of its
components and the treatments it has undergone during manufactustaféhef water

(bound, entrapped or bulk), the state of fat and the level of fatscealee, the extent of
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protein association, pH, and the mineral and ionic balance daterthe cheese
microstructure (Everett, 2007).

There are various microscopic techniques used for visualizing itrestnucture
of cheese. Light microscopy, fluorescence microscopy, saqrglgctron microscopy
(SEM), transmission electron microscopy (TEM) and confocal laser scammengscopy
(CLSM) have been extensively used. Resolutions for the difféypes of microscopy
techniques and size of the milk components are given in Fig 1.6 (EaecttAuty,

2008).
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Figure 1.6. Resolution of different types of microscopy and thediilk constituents
(Everett and Auty, 2008)

1.3.2. Texture and Rheology

Texture is defined as the combination of physical properties tbatesiceived by
the senses of touch, sight and hearing (e.g., close, open, dsgersngs, mechanical
openness, mealy, grainy) while the term “body” refers to theativaructural properties

in relation to consistency, such as, firmness, cohesiveness, rubberelasticity,
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plasticity, pastiness, brittleness, curdiness, crumbliness (vat YB91b; Lucey et al.,
2003).

Textural and structural characteristics of cheese show a\gigation between,
and within, different varieties. There are several factor$ ithiduence the textural
properties of cheese, such as, composition, pH, ionic balance, levehafadatein and
the continuity of the protein matrix, distribution of fat and the nwstcuctural
heterogeneities (e.g., curd granule junctions, cracks, slits, opgnmgst of which
change during ripening (O’Callaghan and Guinee, 2004).

Perception of the physical properties during the consumption of ciseg$eghly
subjective human experience. Attempts have been made to develop insatumethods
to characterize objectively the physical properties of foodsic8las any instrumental
measurement involves deforming the given sample by applying e, fa.g., by
compression or by shear (van Vliet, 1991b; Gunasekaran and Ak, 2003).

The deformation is the measure of displacement in response tpptieddorce.
The term ‘deformation’ indicates a change in the shape andvdmeh may be
temporary, permanent or partly recoverable (Gunasekaran and Ak, 2003).

The amount of the force applied to a material per unit aredireedeas stress and
expressed with the units of Pascals (Pa) (Bourne, 2002). Two ¢typssess can be
applied to a material, normal stress, if the direction of gied force is perpendicular
to the surface, and shear stress, if it is parallel to the pfahe sample surface. Strain is
the change in the size (dimensions) of the sample relative toititd size. If a shear
stress is applied, the material experiences a shear sfrawh{le a normal stress results

in a normal straingj). The time derivative of the strain is defined as straim (stiear rate
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in simple shear) with the units of se®aubert and Foegeding, 1998; Gunasekaran and
Ak, 2003).

According to the Hooke's law, for a true solid the deformasgoroportional to
the magnitude of the applied stress. The change in the noresd é)rper unit applied
strain €) is called elastic modulus (E) while the change in the s$teass §) per unit

applied strain () is the shear modulus (G) (Equations 1.2 and 1.3) (Daubert and

Foegeding, 1998).

[Equation 1.2]

o |Q

c=2 [Equation 1.3]
v

A true elastic material (Hookean solid) will deform instantankousth the
applied stress and will recover to its original shape whenttegssis removed. An ideal
viscous material (Newtonian fluid) will flow with the appliettess having no recovery
in its shape after the stress is removed. In a viscoelastierial, a partial recovery
occurs depending on the time scale of the deformation. At shorstabes it will behave
elastically regaining its original shape almost compjetehile at long time scales, the
deformation will remain with almost no recovery (Walstra and Peleg, 1991).

The instrumental test methods are categorized into three grougsnpsical,

imitative and fundamental methods (Gunasekaran and Ak, 2003).
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Empirical methods do not involve a rigorous scientific basis; thexdha results
are hard to compare with other instruments. Empirical testsvately used in the
industry because of their simplicity and relatively lower equipnoest. Schreiber test
for measuring cheese melt, penetrometer and the puncturareestsamples of empirical
tests.

The imitative methods are developed to mimic sensory evaluatiohuiman
evaluators and they involve mechanical measurements with some @fréxplerimental
variables, such as, probe and product size. An example of imitavenethods is the
Texture Profile Analysis. Imitative methods do not measure the theological
properties, and the results obtained using different testing condaiertsot comparable,
unless the test geometry is well defined and the data isrgegsin normalized terms,
e.g. stress, strain, moduli. The imitative methods can also be causides
“semifundamental” since they have some control over the test condiGumasekaran
and Ak, 2003).

The TPA test, in which a cylindrical cheese sample is defdinyecompression
with a flat probe twice, tries to mimic the chewing actiorthaf jaw while eating. The
first and second cycles of the compression trys to imitatdirgteand second bites of
mastication. A typical TPA curve and the textural parametergir@at from the TPA
curve (hardness, cohesiveness, adhesiveness, gumminess, springthésstarability)

are shown in Fig 1.7 (Bourne, 2002; Gunasekaran and Ak, 2003).
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TPA Texture Terms and Definitions
TPA Term How Measured
(S1 units) (see Figure 7.5 for
[dimensions]* Deefinition symbol definitions)
Hardness (N) Force necessary to attain a given deformation Force corresponding to P,
[MLT-?]
Fracturability (N) Force at significant break in the curve on the first bite Force comresponding to F,
[MLT-3) (originally known as “brittleness™)
Cohesiveness (=) Strength of the internal bonds making up the body AJA,
I-] of the prodoct
Adhesiveness (J) Work necessary to overcome the attractive forces Ay
[ML2T-) between the surface of the food and surface of other
materials with which the food comes in contact
Gumminess (N} Energy needed to disintegrate a semisolid food until Hardness® Cohesiveness
[MLT-=] it is ready for swallowing
Chewiness (1) Energy needed to chew a solid food until it is ready Hardness*Cohesiveness
[ML*T-3) for swallowing *Springiness
Springiness (m) The distance recovered by the sample during the time dy
L] between end of first bite and start of second bite
(originally known as “elasticity” — rate at which a
deformed material goes back to its undeformed
condition afier the deforming force is removed)
Stringiness (m) Distance waveled by the plunger during the negative dy
(L] force area A,
Resilience® (—) Measure of how well a product “fights to regain its Ay A
-1 original position™
* L = length (m); M = mass (kg); T = time (s). Appropriate SI units for the dimensions are given
in parenthesis.
* Defined by (www.iexturetechnologies.com); compression and withdrawal speeds should be the same.
°A = area under the curve
4d = distance

Figure 1.7. Texture Profile Analysis terms and definitions (Gunasekaran and Ak, 2003)
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The fundamental methods are performed under controlled conditions, using we
defined rheological, structural and molecular theories; and dtee abtained represents
the material properties independent of the apparatus used for d¢asumament
(Gunasekaran and Ak, 2003). The relationship between the stress apphenhaterial
and the corresponding deformation as a function of the time scéhe @xperiment is

measured. The sample is stressed either by imposing a costs¢sstg), strain () or
strain rate (). There are two general groups of test methods: (1) statlodwtwhere

the sample is being constantly stressed in the same dire@jpolyiamic methods,
where the sample is being stressed in an oscillating way. Femd@nmethods include
shear rheometry, stress relaxation, creep recovery, uniaxigiression and uniaxial
tension tests. Fundamental test results cannot represent thedémgmnation and fracture
properties of the cheese when small strains employed. Howsaweg correlation has
been found between the dynamic rheological data and texturidutds (van Vliet,

1991a; Tunick, 2000; Gunasekaran and Ak, 2003).

Rheology is defined as the study of deformation and flow of nsaf&heological
measurements demonstrate the relationship between the strais astoetime. Cheese is
a viscoelastic material; therefore time plays an importleton its rheological behavior.
The period of time where a stress or strain, of a certain touagnand direction, is
applied on the test sample, is defined as the timescale daxgeriment. The time-
dependent behavior of foods originates from their structure andatiter® In most food
materials, the majority of bonds between structural componenteaorary. These
bonds can break and reform due to the Brownian motion. The speed @irdbess

determines the viscoelastic character of the materiale Ibtmds break and reform much
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faster than the timescale of the experiment, as in a liquidhallenergy supplied is
dissipated as heat, while in an ideal elastic solid all thatgy is stored (Lucey et al.,
2003; O’'Callaghan and Guinee, 2004).

Dynamic or transient test methods are used in determining tloeelastic
behavior of the materials. The dynamic small amplitude osc¥abear (SAOS) test
measures the material response in the linear viscoelagtanréGunasekaran and Ak,
2003). The amount of the applied strain is small enough to ensure tisantipée is not
damaged and the stress response is linear. The response of ¢hal it sinusoidal
shear strain or stress is measured. A sinusoidal oscillat®armamplitude (maximum
level of stress or strain) and a duration. Duration of a singléatecy cycle is called
frequency { in Hz or cycles/sec) which can also be expressed in termsd@ns/sec

(w = 24f , radians/sec) (Daubert and Foegeding, 1998).
In a SAOS test, if the strain applied to an elastic mateaaés as a function of
time according to:
7(t) = 7, Sin(wt) [Equation 1.4]
where (y,) is shear strain amplitude, the stress response would be:
o(t) = o, sin(wt — o) [Equation 1.5]
where (0, ) is shear stress amplitude antl)(is the phase angle. Ideal elastic solids have

a phase angle of zero since their input and response sinusoidgzd superimpose along
the time axes. In a viscoelastic material, the stregsonse is delayed creating a shift in

the phase with an angle of 0 to 90°. The phase angle is 90° for an ideal viscous materia
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Figure 1.8. Sinusoidal strain input (a) and resultant stress resihanse measured in an
elastic solid (b), Newtonian liquid (c), and viscoelastic liquid (d) (Bourne, 2002)

Figure 1.8 shows an applied oscillatory strain and the responseeseabfrom
three different types of samples: elastic solid, a Newtongundl and a viscoelastic

material (Daubert and Foegeding, 1998).
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The storage (or elastic) modulus (G') is the stress componghiage with the

applied strain:

G'= ﬁ.cos&’ [Equation 1.6]
7o

The loss (or viscous) modulus G" is the stress @rapt that is 90° out of phase with the

applied strain:

G"=2% sing [Equation 1.7]
Yo

G' is the measure of the energy stored and releakiéel G" is a measure of the energy
dissipated as heat per cycle of deformation perwoslume. The rate of the deformation
process determines the relative amount of viscodsedastic behavior, since G' and G"
are angular frequency«) dependent functions (van Vliet, 1991a).

The number, strength, and type of bonds betweegircasolecules determine the
rheological properties of cheese. Weak bonds ghyndn@ak and reform spontaneously
by the application of the stress. They contributehte temporary character of the gel
network and contribute largely to the viscous congrt. The reformation reaction of the
bonds occurs at a finite rate determined by theraction energy profile. In an ideal
elastic material this rate is zero. The invers¢hcf rate is the relaxation time, but since
there are so many bonds of different strengths iandifferent environments in the
system it becomes a relaxation spectrum. Strongd$omith high energy content
generally have a long relaxation time. They comtebto the permanent or elastic
character of the gels. Thus, non-relaxing bondy @aintribute to G' whereas very

rapidly relaxing bonds only contribute to G". Bondgh relaxation times in the time
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scale of the experiment contribute to both G' arid(lGicey et al., 2003; Horne and
Banks, 2004).

The dynamic response of materials can be expressedms of the loss tangent
(LT) as defined:

G"(w)
G'(w)

tano = [Equomtil.8]

Higher LT values indicate faster relaxation of baimtteractions in the gel matrix. When
the loss tangent is >1 (G">G"), the material shbwgsd-like characteristics (van Vliet,

1991a).

1.3.3. Melt and stretch properties

Meltability is defined as the ability of cheese lmaf and lose its discrete structure
when heated. Stretchability is the ability of tieated cheese to withstand the amount of
stress when pulled, by forming elongated strandsdb not break apart, in other terms;
stretchability of a cheese is its extent of stretdten it is hot (Gunasekaran and Ak,
2003; Lucey et al., 2003).

In physical terms, melting is the transformatioraahaterial from solid to liquid
state by heat. In cheese, fat is the only solitl dbtually melts when heated. Proteins do
not melt, but heat-induced changes in their intesagroperties create a melt-like effect
on their structure. Heating the cheese reduce ¥eealh number and/or strength of the
bonds in cheese protein matrix as indicated byldweease in the dynamic moduli. While
both dynamic moduli (G' and G") decrease in thetimglprocess of cheese, the decrease
in G' is greater than the decrease in G". Melt ecatdnen the viscous character of cheese

(as measured by G") dominates over the elastiactea (as measured by G'). Thermal
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motion of molecules, particles and strands increagehigh temperatures. The fat in
cheese becomes completely liquid at around 40°@ewer, melt and flow of the cheese
is usually observed at higher temperatures (>40PG@refore it is likely that meltablity
of the cheese is mainly governed by proteins. Therease in the hydrophobic
interactions with temperature can create localisadnkages at highly hydrophobic
regions in the para-casein matrix, making roomnhation. Together with the increased
electrostatic repulsion and loss of H-bonds, proteatrix weakens and cheese becomes
meltable. However, not every cheese is meltabléed Anod heat coagulated cheeses (e.g.
cottage, queso blanco), soften with heating butatanelt very much. Acid cheeses have
very low pH, thus the electrostatic repulsion beweaseins is low, which in turn
hinders the mobility of the protein matrix at hegti In heat coagulated cheeses, the
formation of disulfide bonds possibly increase #iastic character of the matrix and
prevent melting. Melt occurs when the bonding betwegseins are reversible enough to
relax and allow movement over other casein molec{llacey et al., 2003).

Cheese can be stretched when caseins interaceadth other and release stress
while maintaining sufficient contact. If the pratenteractions are too strong, cheese will
not stretch but break apart. Stretchability of cleeis related to its viscoelastic properties.
There is a critical level of viscoelasticity up which cheese can be stretched. If the
cheese dissipates most of the energy appliedliteeita viscous material (soupy), or if it
stores most of the energy like an elastic mateffi@gile), it will not stretch. A
continuous para-casein network is necessary fetcsiing, meaning that caseins should

be linked together to form stress carrying fibard atrands (Lucey et al., 2003).



35

1.4. COMPOSITIONAL PARAMETERS AFFECTING FUNCTIONAL AND

TEXTURAL PROPERTIES OF CHEESE

1.4.1. Moisture

The state of water and the water holding capadaitycheese influence its
functional properties. Increase in the moistureteoinof cheese decreases its resistance
to deformation and decreases the stress at frac@m@ese with higher moisture content
or with higher moisture to protein ratio is sofime to the decrease in the volume
fraction of proteins and the plasticizing effectvaditer. The hydration of the para-casein
matrix reduces the interactions between caseins libss energy is needed to disrupt
them (Gunesekaran and Ak, 2003). Increase in cheessure content can result in poor

shredability with an increase in stickiness (Kirdisf 1995).

1.4.2. Fat

Fat in cheese can be found in the forms of smalbges, aggregates of globules
or large free fat pools depending on the curd mneats during cheese making. Fat
globules coalescence and align along the directfaasein fibers in Cheddar cheese due
in the traditional cheddaring process. Such elaagatare not seen in Gouda or Edam. It
is unclear whether or not fat can be considerechasinteracting inert filler in the
protein matrix. It is suggested that fat globulas bave some weak interactions with the
casein matrix that hold them in place (Everett Antly, 2008). However, several studies
suggest that fat can be considered as inert filléhe para-casein matrix unless milk is

homogenized (van Vliet, 1988; Hassan and Awad, ROB®mMogenization of milk
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creates smaller fat droplets that are covered gesth caseins so they can be (actively)
involved in gel formation (Horne and Banks, 2004).

The presence of fat in cheese interrupts the coityiof the para-casein matrix
and provides weak spots. A reduction in fat contanises a proportional increase in the
protein content, which impairs the textural andctional attributes. The relatively low
number (also volume fraction) of fat globules résut a denser protein matrix leading to
a firm, rubbery cheese that melts poorly. Cheesés wer fat content have a bland
flavor, and their color tends to be pale or traoshi (Johnson et al., 2009). According to
Code of Federal Regulations, a low fat cheese oatam up to a maximum 6% fat, and
a reduced fat cheese refers to a cheese with a fab%eduction from its full-fat
counterpart (CFR, 2006). The texture of low fatedetends to be hard and springy,
fractures easily, lacks in cohesiveness, is wakesis meltable and less smooth than the
full-fat cheese (Mistry, 2001). Because of the latkfree oil release during baking,
excessive browning occurs with a dry film or skamnhation on the surface (Johnson et
al., 2009).

Many methods have been developed to overcome theraéxproblems in
reduced or low-fat cheese. However, it remainsaiff to make acceptable low-fat§%
fat) semi-hard or hard cheeses (Banks, 2004). &sang the moisture content is a
common strategy to reduce the volume fraction ofgins. Allowing the curd to become
firmer before cutting, cutting the curd into largaeces, lower cook temperatures and
shorter cooking times and cold water washing ofctlvel after draining are steps that can
help increase the moisture level. Pre-acidificatid the milk and use of Cachelating

acids dissolve the insoluble calcium, increasehydration of caseins, thus improve the
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melt and stretch properties of cheese, in addiiwoa softening effect. Adjunct cultures
are used to improve the flavor of the low fat cleeésddition of fat replacers is another
approach that many studies have used. Incorporafievhey proteins into cheese, high
pressure treatment of the cheese milk, extractidatdrom full fat cheese and blending
of full-fat and non-fat cheese curds prior to pmegsare some of the recent innovative
approaches for improving the textural propertiestted reduced and low fat cheese

(Johnson et al., 2009).

1.4.3. Protein

Cheese is essentially a protein matrix held togeblyethe interactions between
caseins (i.e., hydrophobic, electrostatic and VanWaals interactions, hydrogen bonds
and ion bridges). Each casein molecule in cheesebeasimply viewed as a block
copolymer with their segregated hydrophobic andrdyililic regions offering several
interaction pathways with other caseins to fornypwrs (Lucey et al., 2003). Increase in
the protein content, increase the strength of tleese as measured by penetration and
compression tests (Gunasekaran and Ak, 2003). Hgilsoof the proteins during the
ripening weakens the structure and reduces thesetsteength. Factors that influence the
strength of the interactions and bonds betweenrmasdfect the textural and functional

properties of the cheese (Lucey et al., 2003).

1.4.4. pH and mineral content

The cheese pH and calcium content are criticalrparars in determining the
textural and functional properties of cheese. Tdte of acid production and pH values

during the manufacture of the cheese has a dimggact on mineral solubilization, hence
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the calcium content of the cheese. Therefore,dtffeult to evaluate the influence of pH
solely (Lucey et al., 2003).

The C&" in milk and cheese is present in soluble and uidel states. It is
estimated that in milk around 32% of total ‘Caexist in serum phase as soluble
complexes (10mM) and free ions (3 mM). The remair@aj is associated with casein
micelles and called as insoluble calcium (INS Ga&) & found in the forms of CCP and
Ca'" caseinate. However, in practice, INS'Cis determined as an indicator of the CCP
content due to the difficulty in measuring the attQCP amount. The amount of the INS
Ca' " associated with caseins in cheese is more imgditan the total calcium content in
regulating the textural properties of cheese (Luetesl., 2003).

The texture of the Cheddar cheese changes fromgspaind elastic (cheese pH ~
5.3 to 5.5) to brittle and short (cheese pH ~4\&rwarious pH ranges. The decrease in
pH solubilizes CCP crosslinks between caseins addces the electrostatic repulsion
with a decrease in the net negative charge. WI&R &€ solubilized, negatively charged
phosphoserine residues cause repulsion. At highgities (~6.5) curd or cheese texture
is firm due to the excessive CCP crosslinks holdivegy para-casein network tightly. At
pH 5.2, protein matrix has the maximum mobility,i@¥hprovides for good curd fusion
and good melting and stretching characteristicsoe@H 5.0 hydrophobic interactions
dominates as the electrostatic repulsion greattyedse. When the pH approaches the pl,
cheese texture is brittle and crumbly due to theessive attraction between caseins. The
type of acid used for pre-acidification of cheesgknms important. Use of calcium
chelating acids, such as, citric acid, solubilizeager amounts of CCP as compared to

other acids, even at the same pH level. Removakedssive amounts of Caby the use
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of Ca™ chelating agents can make the cheese very tackyoases its cohesiveness and
becomes very viscous (Lucey et al., 2003).

During aging, some CA that is associated with caseins solubilize. Thghsl
increase in the pH often observed after the matwfof cheeses like Cheddar is due to
the slow solubilization of INS C& (Hassan et al., 2004). It has also been suggésaed
the exposure of the phosphoserine residues dueetsdlubilization of CCP could make

casein more susceptible to hydrolysis during chepsaing (Fox, 1970).

1.5.0VERALL HYPOTHESIS AND OBJECTIVES

We hypothesized that, reforming the cheese phygiatier breaking it down into
pieces will reduce the number of the bonds andeprgirotein interactions, unless all of
the bonds that were broken are restored upon retowm The disruption in the
continuity of the protein network would improve ttextural attributes of the low-fat
cheese as this cheese has a much denser proteir cuwe to the lack of fat globules.
The degree to which the bonds and interactions dmwcaseins will restore after
reforming will depend on processing conditions dadtors that control the cheese
functionality. The recovery of the bonds and intéans and thus the level of cheese
fusion will depend on the factors that control piotinteractions, e.g. temperature, pH
and C&" binding. Impact of the following parameters on tieéormability and texture
properties of cheese was investigated:

Objective 1. Impact of grating size

Objective 2. Impact of temperature

Objective 3. Impact of pH and Casolubilization

Objective 4. Impact of emulsifiers
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Chapter 2

IMPACT OF GRATING SIZE ON THE TEXTURE AND
MELTING PROPERTIES OF REFORMED NON-FAT
CHEESE

Part of this study has been published in: Akbulut,Govindasamy-Lucey, S., Lucey, J.
A., Jaeggi, J. J. and Johnson, M. E. 2010. Impagjrafing size on the texture and

melting properties of reformed non-fat cheese. Milissenschaft 66 (2): 169-172.

2.1. ABSTRACT

The texture of non-fat cheese tends to be firmrabthery. We explored the impact
of mechanical size reduction of non-fat cheese hentéxtural properties of reformed
cheese after the shreds were pressed back tog&tbe+fat cheeses were made from
skim milk using direct acidification of milk withitcic acid. Cheeses were grated into 4
different shred sizes with a food processor usiageg heads of different sizes (1.5, 3, 6
and 9 mm diameter). Cheese shreds were filledglastic syringes that had the nozzles
removed and manually pressed. Care was taken toveerair in the pressed cheese.
Textural analyses were performed on non-fat chbase and reformed cheeses that had

been stored in syringes for 1 week at 4°C. Hardmess determined by Texture Profile
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Analysis and uniaxial compression tests with a UiextAnalyzer. Melt properties were
determined using UW-Melt-profiler. Smaller shredesizresulted in softer reformed
cheese. Grating disrupted protein interactionsclvhwere only partially reformed as a
result of pressing. Thus, grating and repressingiged the number of interactions in
cheese matrix which significantly increased meligbcompared to the initial cheese
base while there was no significant difference ieltability between different types of
reformed cheeses. Grating and reforming reducechéndness as determined at 80%
compression. Mechanical disruption, such as, slmgdahd repressing, could be used to

improve (soften) the poor texture of non-fat cheese

2.2. INTRODUCTION

Fat makes an important contribution to the charmtie flavor, texture and
functionality of cheese. A reduction in the fat ot can cause major textural defects in
hard and semi-hard cheese varieties, unless cogaokeasures are taken by the cheese-
maker. Lack of desired flavor, pale color and rulgber firm texture are some of the
major defects associated with fat reduction in sbhe@Mistry, 2001). These defects
become more pronounced with a greater reductidatirFor that reason, making non-fat
cheese with acceptable texture and flavor stilb@nés a challenge to food scientists.

In cheese, a reduction in fat content causes aopropal increase in the protein
content, which alters the textural and functioriaitautes (Guinee et al., 2000). Reducing
the fat content of cheese results in a less inteeli(more continuous) protein matrix,
which leads to an increase in firmness unless steptaken to correct this issue (Merrill
et al., 1994; Guinee et al., 2000). Many method< lmen developed to address textural

problems in reduced or low-fat cheese, such asagidification, use of adjunct cultures
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or the addition of fat replacers (Banks, 2004). wideer, it remains difficult to make
acceptable low-fat6% fat) semi-hard or hard cheeses.

Cheeses can be size reduced (e.g. by grindingreddimg) and then extruded at
cold temperatures back into a cheese form. Thddeegtruders include equipment, such
as, the Vemag Robot 500 (Reiser, Verden, Germakg/)mentioned in Chapter 1, the
purpose of this type of operation is usually fag thcorporation of spices, herbs or fruits
and for the mixing/blending of two or more typesabieese (e.g. cheese with different
colors). There have been some studies on represhiegse curd blends (Chen et al.,
1994; Fenelon et al., 1999; Nelson et al., 2004 etatine et al., 2006), however, the
impact of size reduction and repressing on cheeseire have not been intensively
studied. We believe that this approach could alsai®ed to improve the rubbery and
firm texture of low or non-fat cheese.

In this study we investigated the textural progsrtof non-fat cheese that had
undergone a physical disruption by grating to ddfe sizes before being manually

reformed back into a cheese sample.

2.3. MATERIALS AND METHODS

2.3.1. Cheesemaking

Non-fat cheese bases were made by pre-acidificafiekim milk to pH 5.6 with
citric acid using the procedure described by Baghket al. (2008). Citric acid was added
to the pasteurized skim milk at 4°C until pH 5.6svedtained and maintained for 30 min.
Then, milk was heated to 33°C and rennet (ChymadsaBxouble Strength, Chr. Hansen,
Milwaukee, WI, USA) was added (2g/100kg of milk)helcoagulum was cut using 12.7

mm knives approximately 30 min after rennet additibhe curd whey mixture was then
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heated up to 37°C in about 20 min while stirringady was drained, and curd was dry
salted (225 g/100 kg milk). The curd was placea iitkg Wilson style hoops and
pressed for 60 min at 276 kPa. Cheese bases veees sit 4°C for 1 week prior to the
grating-reforming treatment. One batch of non-fatese base (18 kg) was produced and
cut into 250 g blocks and vacuum packed. The matwiag protocol of non-fat cheese

base is given in Table 2.1.

2.3.2 Cheese Reforming

A food processor (Robot coupe R2Dice, Jackson, b8gspi, USA) was used for
shredding the cheese blocks. To improve shredabdlteese was cooled overnight to
~1°C. Four sizes of cheese shreds were producad gsater discs having cut sizes with
1.5, 3, 6 and 9 mm diameter which produced 1 mokitd0 mm long and 1.5, 3, 6 and 9
mm wide shreds respectively as the cheese blockustsed through the spinning grater
disc. The surface area created by shredding 100che®se using those grater discs is
calculated and given in Table 2.2. Because of thallsquantity of cheese, we used
plastic syringes to reform the cheese into cylicalrshapes that would later allow us to
easily cut cheese into the correct size for textesting. Equal amounts of cheese shreds
(13 and 38 g of cheese shreds were used for thi anthlarge syringes, respectively)
were filled into small (16 mm diameter) and lar§® (mm diameter) plastic syringes and
manually pressed to the same volume for the sameggysize. The repressed shreds
were stored in the syringes for 1 week at 4°C goanalysis; the 1 week period allowed

the cheese shreds to fuse back together agairs Wigie replicated 6 times.
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2.3.3. Compositional Analysis

Milk samples were analyzed for total solids, faiptpm, and casein (Marshall,
1992). The total solids, fat, protein and pH ofeseewere determined (Marshall, 1992).
The salt content of the cheese samples measunegl @srning Salt Analyzer (Marshall,
1992) and the total calcium content was analyzethdyctively-coupled Argon plasma

emission spectroscopy (ICP).

2.3.4. Textural analysis

A TA.XT2 Texture Analyzer (Stable Micro Systems, @bding, Surrey, UK)
with a TA-25 probe (50 mm diameter) and TA-90A flaate were used for texture
testing. Cylindrical cheese samples having 16 mamdier and 17.5 mm height were
used. For the base cheese, a cork borer was usad tylindrical samples. Reformed
cheese samples were pushed out of the open endh@bathe tip cut off) of plastic
syringes (16 mm diameter). Cheeses were then tutsamples of 17.5 mm height and
kept overnight at 4°C in sealed plastic bags ptothe analysis. Hardness of cheese
samples at 4°C was determined at 80% strain byxiaiaompression test and at 62%
strain by Texture Profile Analysis. Texture paraengtwere calculated as described by
Bourne (2002).

Melt Profile Analysis was performed using UW Melt-fley developed by
Muthukumarappan et al. (1999). For melt analysisinggs of 30 mm diameter were
used. Cheeses were cut into 7 mm thick cylindedstaeld overnight at 4°C in sealed
plastic bags. Cylindrical cheese samples at 4°Cevpdaced between two aluminum
plates (a dry film lubricant and a layer of oil wesprayed on the plates) in an oven

operating at 72°C. A thermocouple was inserted hi@ tenter of the cheese slice.
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Decrease in cheese height during melting was medswver 15 min by a linear variable
differential transformer, which was connected te thp plate. Degree of Flow (DOF)
was calculated as the percentage decrease in iieabrcheese height when cheese
reached 60°C. Slope of the linear portion of tlewflregion of the melt profile was

recorded as the average flow rate (Muthukumarappah, €999).

2.3.5. Statistical Analysis

Statistical analysis was performed using StatisAcelysis System (SAS version
9.1). The Analysis of Variance (ANOVA) was perfornesing PROC GLM procedure
to determine the effects of different shred sizesh® texture and melting properties of
non-fat reformed cheese witk@05 significance level. Differences between measie

analyzed using Tukey’s method for multiple comparsof means.

2.4. RESULTS AND DISCUSSION

The chemical composition of cheese milk and the-fabrtheese base that was
used for reforming is given in Table 2.3. The nahdheese base had 56.7 % moisture,
33.2 % protein, 1.7 % salt and 0.9 % fat.

Hardness of cheese samples, as determined by tkienoma force obtained at
80% strain, is given in Figure 2.1. Non-fat chebsse, which was not treated, was
significantly harder. Grating and reforming redutiee hardness of non-fat cheese and it
decreased further with the smaller shredding dtoece values (g) corresponding to
different strain (%) levels during compression gneen in Table 2.4. There appeared to
be no significant difference in hardness betweearesd samples when measured at 60%

strain level (Table 2.4). At higher strain levedlse cheese base was significantly harder
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than the reformed cheese, and reduction in sheedresulted in softer reformed cheese.
The reason for the similarity in hardness up tdhhstrain levels <60%) was probably
due to the fracture of the reformed cheeses athigtnains (reformed cheese were more
brittle than cheese base). The force-strain cuobésined from the uniaxial compression
test of the cheese samples are given in Fig. h2e€ks that had been grated to smaller
shred sizes fractured at lower stress levels aaddbistance to fracture was higher with
an increase in grating size.

Hardness values as obtained by TPA did not show sagificant difference
probably since the applied strain was 62% and Idan the uniaxial compression test
(80%) (Table 2.5). The TPA curves of cheese samgiesved sharp peaks with no
fracture point as seen in Fig. 2.3 showing thateshedid not fracture. Reforming the
cheese reduced its chewiness and gumminess sagrilfidor the 1.5 mm grater size, as
measured by TPA (Table 2.5). Springiness, adhessgeand cohesiveness did not show
significant difference with reforming (Table 2.5).

Reformed cheese samples exhibited a significaniijpen DOF at 60°C as
compared to the untreated cheese base (Fig. 2vereTappeared to be a trend of
increasing degree of flow (melt) as the gratinge siecreased, however, the differences
were not statistically significant (p>0.05). Theximaum flow rate of the cheese samples
are given in Table 2.6. Non-fat cheese base hadatvest flow rate and reformed
cheeses made with small shred sizes (1.5 and 3hadh}kignificantly faster flow rates.
Melt profiles of cheese samples are given in Fig 2.5

Shredding the cheese caused a large increase suitace area. Shredding

produced rectangular shaped shreds (Fig. 2.6) daainidth of the grater disc cut
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diameter used for shredding. Dimensions of the sheshreds produced were
approximately 1.5x1x20 mm for 1.5mm grater disc1x30 mm for 3 mm grater disc;
6x1x20 mm for 6 mm grater disc; and 9x1x20 mm form®n grater disc. The
approximate surface area created by shredding 160cheese through 4 grater discs
having 1.5, 3, 6 or 9 mm diameter cuts is calcdlatgng approximate shred dimensions
and given in Table 2.2. As the grating size wasuced, surface area of the cheese
increased. Cheese grated at 6 mm had about 5%sudaee area than the cheese grated
at 9 mm, while the cheese grated at 3 mm had 16&%.1& mm had 32% more surface
area than the 9 mm cheese. The surface area cadtgedhredding is a measure of the
amount of the disruption and discontinuity in theeese matrix. The 1.5 mm cheese had
32% more surface that needed to fuse togetherttiea® mm cheese when reformed. All
shreds fused together well enough to form a cheiese that held together as seen in the
pictures of the cheese samples in Fig. 2.6. Aleskesamples including the cheese base
exhibited similar resistance to the compressiolowtstrains (about <60%), however, at
higher strains reformed cheese was softer thabdke and the hardness was reduced as
the grating size become smaller. These findingscateld that, many interactions and
bonds were formed between the cut surfaces ofttkese after reforming, however, they
were not as strong as the original cheese baserahd@ humber of the new bonds were
fewer. In addition to that, when reforming the ckezanechanical openings, i.e. trapping
of visible air gaps, were avoided; however, smapigat the micro level might have been
remained between the shreds. Therefore, shreddidgeforming the cheese imparted
some level of discontinuity to the protein matrndasmaller shreds created a more open

cheese network that was easier to compress (redaess amount of force) and so would
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be easier to chew down. Fracture properties othtieese depend on the size of the weak
spots in the cheese matrix (Luyten and van VIiég6). Whether it was the mechanical
openings remaining between shreds or the reduaticdhe number of the bonds and
interactions at cut surfaces; shredding cheeseefndning it created weak spots in the
protein matrix that can propagate fracture duriogppression.

Chewiness is defined as the energy needed to cheemasolid food until it is
ready for swallowing and gumminess is defined &sehergy needed to disintegrate it
before swallowing (Gunasekaran and Ak, 2003). Reduchewiness and gumminess
values in the reformed cheese were indicators gsrorement in the chew-down
characteristics of the non-fat cheese.

Melting of the cheese is primarily determined by tluenber and strength of the
casein-casein interactions at high temperaturesal Tmmber and/or strength of the
bonds in the cheese matrix decrease when heatmihe cheese softens and finally
melts as the viscous character of the cheese dtemimaver the solid-like, elastic
character (Lucey et al., 2003). If the number & Honds is fewer or if they are weak,
less energy is needed for melt. The reason fortbeer degree of flow in reformed
cheese was probably fewer bonds and interactiotiseirprotein matrix of the reformed

cheese as compared to cheese base.

2.5. CONCLUSIONS

Non-fat cheeses that were grated and reformed wefter compared to the
original cheese base. Grating cheese into smalticies lowered the hardness
compared to large patrticle sizes. Melt profile as@lyndicated that cheese that had been

grated into smaller shreds showed a higher flow, rathich indicated it was easier to
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flow during heating. Grating disrupted the cheesatrixy weakened the continuous
nature of the network and disrupted many physioaldls between casein particles. Many
of these weak interactions reformed during coldagie of the cheese, however, not all
interactions were recreated. Grating cheese caihidwed as analogous to the stirring/
shearing of set yogurt gels used to produce stiyaglrt; in both cases incomplete
structural reformation occurred. The creation ofaben shred sizes resulted in greater
disruption to the cheese matrix with the creatibmore cut surface area. Shredding and
reforming also resulted in cheese that had a shienteure, which might be desirable as a
common complaint about low-fat/non-fat cheese ss ritbbery nature. Mechanical
disruption of non-fat cheese produced a softer,enmoeltable reformed cheese. Overall,
the size reduction and repressing process (e.gg wsild extrusion) could have promise

in trying to reduce the undesirable textural atti@s of non-fat or low-fat cheese.
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Table 2.1Cheese manufacturing protocol of the non-fat chbases used for reforming

Temperature/
Operation Time (min) pH, TA
Initial Skim Milk TA 0.165
initial milk weight (kg) 272 kg pH 6.65
Add Citric Acid to Drop pH 0 min Temp 5°C
Add diluted citric acid (10% w/w solution
pH of ~1.6) TA 0.41
pH 5.57
Target: pH - 5.6 g diluted acid 4832 ¢
Add CaCl; 20 min TA 0.41
5 0z/1000 Ib milk or 81 ml 48 g pH 5.60
Add Coagulant - 33°C 25 min Temp 33°C
Ch Hansen, Chymax Extra (dbl str) TA 0.410
1.9 g/ 100 kg milk 55¢g pH 5.60
Cutting 55 min TA 0.269
1/2" knives pH 5.64
Start Cooking / Begin Agitation 60 min Temp 32°C
Reach Cooking Temp 37°C 80 min Temp 38°C
TA 0.268

Whey -pH 5.65
Curd -pH 5.42
Complete Drain TA
Beginning 85 min Whey -pH
End 95 min Curd -pH

Add Flake Salt 110 min TA
Curd -pH
220 g/ 100 kg milk g salt 613
Hooping (9 kg Wilson) 125 min Curd -pH 5.32
Pressing - In 130 min
1 hour, 270 kPa - Out 190 min Curd -pH 5.40
Storage Weight 20 kg

Into cooler after 1 hr press
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Table 2.2 Surface area created by shredding the cheese gisitigg discs having 1.5,

3, 6 and 9 mm diametric cut sizes (AMb90g cheese)

Grating Disc Size

1.5 mm 3 mm 6 mm 9 mm

1,168,170 941,340 827,930 790,020

Table 2.3Chemical composition of milk and cheese. Meandareeplicates of 6 cheese

making trials.

Milk
Total solids, % 8.63+£0.3
Fat, % 0.12+£0.0
Casein, % 241+0.1
Protein, % 3.13+0.1
Casein:Fat ratio 19.9+0.8
Total Ca, mg/100g milk 118+1.2

Cheese
Total solids, % 56.79 £ 0.52
Fat, % 0.9+0.01
Protein, % 33.2+0.23
pH 5.68 + 0.01
Salt, % 1.7 £0.09
Total Ca, mg/100g cheese 435 +8.21
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Table 2.2 Uniaxial canpression test results of cheese base and chedsesead after shredd
into different sizes (1.5, 3, 6 and 9 mm diametut). Means are foreplicates of 6 che

making trials.

Cheese Hardness (Q) Force at 60% StrainForce at 70% Strain Force at 80% Strain

Type (Maximum Force) (9) (9) (9)

BASE 1.96E+04+ 317 8.05E+03 = 523 1.39E+04 = 277 1.91E+04 + 778
1.5mm 1.32E+04 + 581° 7.44E+03 + 580 1.22E+04 + 706 1.37E+04 + 826
3mm  1.36E+04+ 805° 8.10E+03 + 587 1.22E+04 + 808 1.36E+04 + 573¢
6mm  1.49E+04x 948° 8.31E+03+ 963 1.23E+04 + 759 1.44E+04 + 536
9mm  1.52E+04+ 1120' 7.69E+03 + 1308 1.19E+04 + 2214 1.50E+04 + 3050

#dMeans with different superscript letters within tseme column are significantly different
(P<0.05)



Table 2.5 Texture Profile Analysis results of cheese base drekses reformed after shredding into differergss(1.5, 3, 6 and 9

mm). Means are for replicates of 6 cheese makiatgtri

Cheese Type

BASE 1.5mm

3 mm

6 mm

9 mm

8.08E+03+ 6.E+02 2
1.18E+01+ 4.E-01 ?
-6.80E-05+ 1.E-05 ?

6.53E-01+ 1.E-02 ?
5.27E+0. + 4.E+0. °

6.21E+04+ 7.E+03 °

Hardness (g) 9.25E+03 + 6.E+02 ®
Springiness (mm) 1.19E+01 + 1.E-01 ?
Adhesiveness (g.mm) -8.70E-05 + 3.E-05 *°

Cohesiveness 6.49E-01 + 1.E-02 2
Gumminess (c 6.01E+0: £ 5.E+0: °

Chewiness (g.mm)  7.13E+04 + 6.E+03°

8.89E+03+ 8.E+02 ?
1.17E+01+ 4.E-01 ?
-5.70E-05+ 2.E-05 *?

6.09E-01+ 4.E-02 2
5.40E+0: + 5.E+0;

6.31E+04+ 6.E+03 "

8.89E+03+ 8.E+02 ?
1.17E+01+ 1.E-02 ?
-5.70E-05+ 2.E-05 *?

6.09E-01+ 4.E-02 ?
5.40E+0 + 5.E+0 *

6.31E+04+* 6.E+03"

9.40E+03+ 2.E+03 2
1.18E+01+ 2.E-01 2
-6.70E-05+ 5.E-01 2

6.09E-01+ 3.E-02 2
5.68E+0: + 7.E+0: *

6.72E+04+ 8.E+03 *

a\eans with different letters within the same row sigmificantly different (P<0.05)

£9
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Table 2.6 Flow rates of nonfat cheese base and cheeses egfaafter shredding into

different sizes (1.5, 3, 6 and 9 mm diametric chi¢ans are for replicates of 6 cheese

making trials

Cheese sample
BASE 1.5 mm 3 mm 6 mm 9 mm
Flow rate 0.27 + 0.05 0.33 + 0.02 0.32 + 0.0 0.31 + 0.03* 0.30 + 0.03*

#PMeans with different superscript letters within gzne row are significantly different
(P<0.05)
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Figure 2.1 Hardness of nonfat cheese base and cheeses rdf@itee grating into
different sizes (9, 6, 3 and 1.5 mm diametric cogasured by uniaxial compression test.
Bars with different letters show significant diféeice (P<0.05). Means are for replicates

of 6 cheese making trials.
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Figure 2.2 Representative uniaxial compression profiles fonfat cheese base and

cheeses reformed after grating into different s{8e$, 3 and 1.5 mm diametric cut)
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Figure 2.3 Representative Texture profile analysis (TPA) iesffor nonfat cheese base
and cheeses reformed after grating into differea@ss(9, 6, 3 and 1.5 mm diametric cut)
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Figure 2.5 Melt profiles for non-fat cheese base and cheeesmed after grating into
different sizes (9, 6, 3 and 1.5 mm diametric co€asured by UW-Melt Profiler. Means
are for replicates of 6 cheese making trials.
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Figure 2.6 Cheese shreds (left-hand column) and cheese sarhple after repressing
the cheese shreds (right-hand column) obtainedsimggrater discs of (a) 1.5, (b)

3, (c) 6 and (d) 9 mm diameter. Bars represent @0fon both columns
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Chapter 3

IMPACT OF REFORMING TEMPERATURE ON THE
TEXTURE, RHEOLOGY AND MELTING PROPERTIES OF

REFORMED NON-FAT CHEESE

3.1.ABSTRACT

We evaluated the impact of extruding non-fat chedsearious temperatures on the
texture of non-fat cheese. Non-fat cheese was bitaing4, 18 or 30°C for 6 h prior to
reforming. Reforming was performed using a Vemaguuan extruder. Textural and
rheological analyses were performed on non-fat sfhdmse and reformed cheeses that
had been stored for 2 wk at 4°C. Dynamic rheoldgicaperties were measured by small
amplitude oscillatory rheology during heating. Tieal properties were determined with
a Texture Analyzer. Melt properties were determinexing UW-Melt-profiler. All
reformed cheese samples was significantly sofem the cheese base, except for cheese
extruded at 4°C. Raising the reforming temperatar80°C reduced the hardness and
storage modulus, and increased the meltabilityhef reformed cheese. Reforming the
cheese at higher temperatures produced a smodtbese having a softer texture. High

temperatures increased the mobility of the bondslifg to faster cheese fusion,
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however, the net impact was a softening of the sfesructure presumably due to
loosening of the para-casein matrix with a decresmsdhe strength and loss of

interparticle bonds.

3.2.INTRODUCTION

Temperature has a profound influence on cheesetsteuand texture. Visser (1991)
studied the rheological properties of Gouda chearsd found that increase in
measurement temperature from 14 to 26°C reducecbtheression modulus (E), storage
modulus (G') and fracture stress. The melt and fldvaracteristics of cheese are
dependent on casein interactions rather than rgetfithe fat as cheese melting occurs at
temperatures above the point where milk fat hasieccompletely liquid (Lucey et al.,
2003). It has been demonstrated that the dynamidulm@f a non-fat cheese also
decrease with an increase in temperature (Udayamrtjaal., 2007). Caseins cannot
denature (unfold) by heat since they already hawepen native conformation, but an
increase in temperature will change their intecacproperties and association behavior
since the strength of hydrophobic interactions eledtrostatic forces, hydrogen bonding
and the solubility of calcium phosphate are alluefced by temperature (Lucey et al.,
2003).

In the cheese industry, sometimes cheeses arerbduken into pieces and blended
together before attempting to fuse the cheese pieaek together again. The attempt to
fuse cheese together is called reforming. In thecess of reforming, cheese is first
physically broken into pieces, which then re-assecto some extent to form a cheese
block. Since the structure of cheese is built bg thara-casein network, casein

interactions are responsible for the ability tdoteld a cheese network after reforming.
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Reformability of cheese mainly depends on the #ffiaf caseins to interact. Therefore,
it is important to evaluate the impact of paraneetdrat influence the main types of
casein interactions that probably occur duringdiveese reformation process.

Association of the caseins is driven by hydrophabteractions and controlled by
electrostatic forces (Lucey et al., 2003). When ¢heese is heated, the protein matrix
adsorbs energy, which influences the interactidreg tmaintain the integrity of the
protein network. Interactions under entropic canfeog., hydrophobic interactions) are
strengthened, while those under enthalpic contrel, (electrostatic, van der Waals
interactions and hydrogen bonds) are weakened @kaean and Ak, 2003).

Hydrophobic interactions occur due to an attempnbgpolar molecules to reduce
their surface area exposed to water. Water tendisrmo ordered cages around the non-
polar molecule. Hydrophobic interactions are weakloav temperatures due to the
restricted mobility of the water molecules thatnfiothe cage. At high temperatures these
cages are no longer any stronger than bulk watérhgdrophobic interactions increase
(Philips et al., 1994).

Weakening of the hydrophobic interactions, with tHecrease in temperature,
disrupts the casein micelle in a dilute environmika milk (Lucey et al., 2003). Cheese
is a concentrated protein network having aboutold fhore protein than milk. In a study
on concentrated casein micelles (~17 to 22% prateimtent), the concentrated casein
micelles exhibited classical viscoelastic gel prtps at 5 or 10°C, however, at 40°C
they flowed freely (Horne, 1998). Horne (1998) sesjgd that at low temperatures, in
the closed packed conditions of the concentratsdicamicelles, casein molecules are

loosened and tended to link across to neighboringellas or become entangled with
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them causing high elastic moduli and solid-like debr. However, when the
temperature is raised, the micelle structure bedaghtened up reducing the contact area
between adjacent micelles and this resulted irdflikie behavior (Horne, 1998). In the
NMR studies of Rollema and Brinkhuis (1989), with ianrease in temperature, there
was an increase in the mobility of protons on th@na acid side chains of caseins,
suggesting a loosening of the internal structurénefmicelle. Therefore, increasing the
temperature creates more flexibility in the casaatrix. Increasing temperature reduces
protein hydration and water holding capacity agdgmeprotein interactions become more
favorable than protein-water interactions (Teoletl®96; Pastorino et al., 2002).

The objective of this study was to determine theant on temperature of the

reforming process and the texture of the reforntexkse.

3.3. MATERIALS AND METHODS

3.3.1. Cheesemaking

Non-fat cheese bases were made by pre-acidificatioskim milk to pH 5.6 with
citric acid using the procedure described by Bagket al. (2008). Citric acid was added
to pasteurized skim milk at 4°C until pH 5.6 wasiaed, and that pH was maintained for
at least 30 min. Then, milk was heated to 33°C mamhet (Chymax Extra Double
Strength, Chr. Hansen, Milwaukee, WI, USA) was ad@@gl100kg of milk). The
coagulum was cut using 12.7 mm knives approximately after rennet addition. The
curd-whey mixture was then heated to 37°C in a2@uimin while stirring. Whey was
drained, and curd was dry salted (225 g/100 kg )milke curd was placed into 9 kg

Wilson style hoops and pressed for 60 min at 27& KFheese bases were stored at 4°C
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for 3 wk prior to the grating-reforming treatmeihe manufacturing protocol of non-fat

cheese base is given in Table 3.1.

3.3.2. Cheese Reforming

Cheese bases were stored at 4°C for 3 wk and tiredded using a large scale
shredder (Urschel Shredder - 6 mm crinkle cut, ®@so, IN, USA). Shredded cheese
were then divided into 3 parts and incubated ford 3 different temperatures (4, 18 or
30°C) prior to reforming. Temperatures were selkthat were below the melting point
of the cheese, however, the upper temperature usdthis trial was 30°C since
incubating the cheese above this temperature causdgbirable changes in cheese, such
as, serum release and increased risk of unwanteoloml growth.

Grated cheese was reformed by extruding under 10 MiRaium at ambient
temperature using a double-screw vacuum filler (gniRobot 500, Reiser, Verden,
Germany). Reformed cheeses were then vacuum saadestored at 4°C for 1 wk prior
to analysis.

The vacuum filler (Figures 3.1, 3.3 and 3.4) usedeixtruding the shredded cheese
into cylindrical cheese blocks was composed ofrgiti hopper, a pair of feed screws, a
vacuum pump integrated into the double screw umitan outlet tube extension attached
to the double screw housing.

Shredded cheese was manually loaded to the fuhapks input hopper and then
conveyed into the double screws. A scrapper waslattl to the hopper to help force any
remaining cheese from the hopper. A rotating spatthchment was mounted at the
bottom part of the hopper to help convey the cheesen. The double screws (Fig. 3.2)

had parallel drive shafts driven to rotate togetimeopposite directions to each other
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(counter-rotating) with respective spiral threadsaadetermined speed, through which
cheese pieces were compressed into a uniform clile@seThe threads of the double
screw were thicker towards to the output end ireptd decrease the inter-thread spaces,
which gradually increased the pressure on the ehé®s as the cheese moved through.
The screws were fitted with minimal clearance reéatto the inner surface of the
cylindrical extruder chamber (barrel) that houdezldouble screw mechanism.

The feed was conveyed into the extruder chambdr thi¢ aid of vacuum and it
moved forward by the rotating movement of the dewddrews. The vacuum formed in
the screw housing chamber by vacuum pump helpetdtaw cheese pieces from the
hopper into the screw feed. The double screws commed the cheese shreds as it
rotated and with the pressure that was build upeénchamber, folded them together into
a uniform cheese mass. Formation of air gaps am#gh® in the cheese mass was
prevented by the vacuum pump, which evacuatedr@m the extruder chamber where
the screw feed was housed.

The friction occurring between the flowing cheerd #he outlet tube produced back-
pressure against the double screw, and that hdipé@ep a predetermined extrusion
pressure on the cheese. Therefore, the length efotitlet tube was critical for
maintaining a sufficient pressure on the cheesmsure fusion of the cheese mass, and it
also provided additional time for cheese to fugergdassing through the double screw.
The extension tube of the extruder used in thad was 1.8 m long.

The inner surface of the extension tube was coattddteflon in order to ease the

movement of the cheese used in our trials, as dhefat cheese was very sticky. Teflon
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coating the extension tube improved the flow of tmeese and produced smoother
cheese as seen in Fig. 3.7.

Reforming of the cheese was performed at minimurevsspeed. It took a few min
to build up the vacuum to 10 MPa after the cheese lWwaded (This cheese was
discarded). The time taken for the cheese to plassigh the vacuum filler was
approximately 5 to 10 min. The temperature in tkieueler was not controlled, therefore
the temperature of the cheese changed slightlynguthe residence time in the
equipment. The exit temperature of the cheesewhatstored at 4 and 18°C was slightly
higher (14 and 22°C, respectively) probably duewtrming up by friction during
processing and due to the ambient temperature ¢)25% the pilot plant. The
temperature of the cheese reformed at 30°C did exbibit an increase since the
temperature at the pilot plant was below that teatpee; thus, friction during processing
therefore may only make a minor contribution to a@eynperature increase during

processing.

3.3.3. Compositional Analysis

Milk samples were analyzed for total solids, fagtpm, and casein (Marshall, 1992).
The total solids, fat, protein and pH of cheeseewd®termined (Marshall, 1992). The
salt content of the cheese samples was measumregl @erning Salt Analyzer (Marshall,
1992) and the total calcium content was analyzethdyctively-coupled Argon plasma

emission spectroscopy (ICP) (Choi et al., 2007).
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3.3.4. Textural analysis

A TA.XT2 Texture Analyzer (Stable Micro Systems, @bding, Surrey, UK)
with a TA-25 probe (50 mm diameter) and TA-90A flaate was used for texture
testing. Cylindrical cheese samples having 16 mameier and 17.5 mm height were cut
using a cork borer and they were kept overnight°at in sealed plastic bags prior to
analysis. Texture Profile Analysis (TPA) at 62% quassion and uniaxial compression
test at 80% compression level was performed on sehemamples at 4°C. Texture

parameters were calculated as described by Boag2].

3.3.5. Melt profile analysis

Melt Profile Analysis was performed using UW Melt-Rley developed by
Muthukumarappan et al. (1999). For melt analysifindsical cheese samples having 30
mm diameter and 7 mm thickness were cut with a borker and held overnight at 4°C in
sealed plastic bags. Cheese sample was placee meth profiler oven operating at 72°C
immediately after taking out the samples from tb&igerator. A thermocouple was
inserted in the center of the cheese disc, which tvan placed between two aluminum
plates having a dry film lubricant and a layer dfsprayed on them. Decrease in cheese
height during melting was measured over 15 min blinaar variable differential
transformer, which was connected to the top pRé&gree of Flow (DOF) was calculated
as the percentage decrease in the original chesighthwhen cheese reached 60°C.
Softening point was the temperature that correspond the minimum of the first

derivative of the change in height with time curve.
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3.3.6. Rheological Analysis

Rheological properties were determined using a Pagsica (UDS 200, Physica
Messtechnik GmbH, Stuttgart, Germany) controlle@sstrrheometer, with a serrated
parallel plate geometry. Cheese disks of 50 mm eiamand 3 mm thickness were
obtained with a cylindrical stainless steel corkdv@nd a meat slicer. Cheese discs were
then sealed in plastic bags and held at 4°C oviermgor to the test. When loading
samples in order to maintain a good contact betwsat®e and cheese, the upper plate
was lowered onto cheese not to exceed a normae ff@ N and then samples were
allowed to relax for about 15 min to a relativelynstant normal force reading of 0.8 N
before starting the test. A thin layer of vegetabiewas applied around the cheese
sample to prevent moisture loss.

Small amplitude oscillatory shear (SAQOS) test vathapplied strain of 0.2% and
frequency of 0.1 Hz was used for determining rhgickl properties of cheese before and
after reforming. Temperature sweeps were perforfnech 5 to 85°C at the rate of
[°C/min. We also studied the rheological properidshe cheese base during heating
from 5 to 35°C and immediate cooling from 35 to .5%forage modulus (G'), loss
modulus (G") and loss tangent (LT) were the paramsatetermined.

A frequency sweep test using Fourier transform raeial spectroscopy (FTMS)
technique, a variant of SAOS, was applied to narcti@ese base while heating from 10
to 50°C as described by Udayarajan et al. (2005-TIMS, the sample is subjected to a
complex sinusoidal wave that is a combination ofesa sine waves of differing
frequencies. The frequencies selected for the cexnplveform were 0.08, 0.4, 0.8, 4

and 8 Hz and the cumulative strain was adjustefietavithin the linear viscoelastic
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region (i.e., <0.3%). The digital stress generatede analyzed by rheometer software
(US 200, Anton Paar Germany, Ostfildern, Germarsygia Fast Fourier Transform to
obtain values of phase angl8).( The 6 values, input strain, geometry factors and
amplitude of both waveforms were used by softwarecdlculate G', G" and LT as

described by Udayarajan et al. (2005).

3.3.7. Statistical Analysis

Statistical analysis was performed using StatisAcelysis System (SAS version
9.1). Analysis of variance (ANOVA) was performedngs PROC GLM procedure to
determine the effects of different reforming tengperes on the texture and melting
properties of reformed cheese with<p0.05 significance level. Differences between

means were analyzed using Tukey’s method for maltpmparisons of means.

3.4.RESULTS

3.4.1. Milk and cheese composition

The chemical composition of the cheese milk andrnbe-fat cheese base that
was used for reforming is given in Table 3.2. Than4fat cheese base had 58.7%
moisture, 32.77% protein, 1.34% salt and 1.22%wfaich, according to the Code of
Federal Regulations for the labeling of low and fabrcheese (CFR, 2006), would

classify the cheese bases as nonfat (i.e., <1.6%rf&0.5 g of fat for a 28-g serving).

3.4.2. Visual attributes

Pictures of the cheese samples prior to reformimgliredded form), right after

reforming and 1 wk after reforming are shown inufes 3.5, 3.6 and 3.8, respectively.
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The cheese shreds held at 30°C were partially fasddmnatted together by the end of the
incubation period as seen in Fig. 3.5. Higher mafog temperatures resulted in more
cheese fusion in the extruder while the texturthefcheese incubated at low temperature
was still curdy after the reforming process. Howevleere was no visible difference in
the appearance between any of the reforming tredthadter 1 wk of storage at 4°C (Fig.
3.7). The initial fluffy appearance on the outerfsce of the cheese reformed at 4 and
18°C disappeared during storage and all chees&kdlsitcowed a uniform body. The
cross-sectional view of cheese samples shown iar€$g3.6 and 3.8, demonstrated that
cheese reformed at 30°C had distorted shape wihdese reformed at 4°C preserved its
cylindrical shape. This distortion of cheese blockformed at higher temperatures
indicated that they were quite soft during reforgin
The exit temperature of the cheese incubated atd418°C increased during

extrusion (to 14 and 22°C, respectively), probahlg to warming up caused by friction
between cheese and double screws and the outkstaslwell as the higher temperature
of the processing room. The exit temperature ofdieese incubated at 30°C did not

increase.

3.4.3. Texture properties

All reformed cheese samples exhibited a softeutexthan the untreated cheese
base except for the cheese reformed at 4°C (Fig Biere appeared to be a trend of
decreasing hardness as the reforming temperatcreased. Cheese that was reformed at
30°C had significantly softer texture as determihgdTPA (Table 3.3). On the other
hand, uniaxial compression test did not show affgrédinces between the cheese samples

(Table 3.4), which might be due to the high stiairels in this test that caused fracture in
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all cheeses. Gumminess and chewiness of the chsese reduced as reforming
temperature increased (Table 3.3). No significaffer@nces were found between the
chewiness and gumminess values of cheese base fa®wbkec reformed at 4°C.
Adhesiveness, cohesiveness and springiness valdesyad differ between cheese

samples.

3.4.4. Rheological properties

Changes in the G' values during heating of cheasgles from 5 to 85°C are
shown in Fig. 3.10. At a measurement temperaturb°@f cheese base exhibited the
highest G' values and the G' values decreased imgtkasing reforming temperatures.
The low G' values for cheese reformed at 30°Ccetted this sample had lowest number
or weakest bonds, in agreement with the low hasinesults obtained by TPA test (Fig.
3.9). At high temperatures, e.g., 85°C, all cheaseples exhibited similar G' values.

Loss tangent curves of the cheese base and refarhesse samples (Fig. 3.11)
were similar except for the temperature at LTmax &heese base, which was
significantly lower than other samples (Table 3 B)e temperature at which LT values
are equal to 1 (indicating a melt point) was simiita all cheese samples (Table 3.6).

Changes in the power law exponen} ¢f non-fat cheese base during heating
from 10 to 40°C are given in Figure 3.12. Tinevalues are obtained by plotting the
logarithm of G' values against frequency valuese Mmhvalue is an indicator of the
frequency dependence of G' values and gives infiimmaon the nature of the gel
network at any particular temperature (Gunasekaraih Ak, 2000). The increase m
values was slight at the low temperature range ftOnto 30°C indicating that the matrix

exhibited strong gel properties.
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logG' =nlogf +k

wheref is frequency, and and k are constants.

3.4.5. Meltability

There were no significant differences between thgreke of flow and softening
temperature of the cheese samples as determinedtifr® melt profile analysis (Table
3.7). The decrease in the height of cheese asaidanof time during the melting test

showed similar trends for all cheese samples @i3).

3.4.6. Rheological properties of cheese base during heating from 5 to 35°C

and cooling from 35 to 5°C respectively

Changes in the dynamic moduli of non-fat cheese lbdasing heating from 5 to
35°C and cooling back to 5°C is shown in Fig. 3T4e G' and G" values decreased as
cheese sample was heated to 35°C. Partial recavehe initial dynamic moduli was
observed during cooling back to 5°C; however, thedaes were still lower than those
initially observed values during heating. Dynamioduli values of the cheese base at a
measurement temperature of 5°C in the beginnirfieafing cycle and after heating and

cooling are given in Table 3.8.

3.5.DISCUSSION

Non-fat cheese can be viewed as a strong proteinttgg is composed of
interconnected and overlapping strands of partialbed para-casein aggregates that are
held together by physical forces (O’Callaghan anin€e, 2004). Therefore, the fusion
of the cheese particles after physical reformatbthe non-fat cheese depends on the

interactions between caseins, the building blodksheese protein matrix. Fusion takes
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place as the casein molecules at the surface df padicle associate with casein
molecules of adjacent cheese particles. Factors itifeience the strength of the

interactions and bonds between caseins would méleig¢he affinity of caseins to stick

back together again when the cheese is reformedp@&eture is one of the important
factors that influences casein interactions (Luetwl., 2003), therefore it was expected
that cheese temperature during reforming would aiflaence the cheese reformation
and final textural properties after reforming.

Results showed that the incubation temperaturel @ige cheese significantly
influenced the texture properties and reformabiliitgmperature dependent changes in
the viscoelastic properties of the non-fat cheezse ldictated the final reformed cheese
properties. Therefore, for a better understandiritpe@ impact of temperature on used for
incubation cheese reforming, we analysed the streicind the behavior of the cheese

base over the temperatures used to reform the base.

3.5.1. Viscoelastic properties of non-fat cheese base at differten

temperatures

There was a loss in the elasticity of the non-fatese base with the increase in
temperature as indicated by the decrease in Gesdkig 3.10). The temperatures >40°C
were not in the scope of our study since >40°C siaendergoes larger structural
changes with increased mobility of the proteinsatoextent where the cheese finally
melts and flows (Lucey et al., 2003). Cheese exhtmlid-like behavior at temperatures
<40°C where dominated G' over G" values in SAO8istu(i.e. Udayarajan et al., 2005;
Muliawan et al., 2007). The highest temperature wedufor cheese bases was set to

30°C in order to prevent any unwanted changes ées#y such as, serum release. Zhou
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and Mulvaney (1998) defined three distinct zonewistoelastic behavior in a model
process cheese system when heating from 5 to {0y:emperatures <10°C: rubbery
solid; (2) From 10°C to cross-over temperature 0foG5" (LT=1): transition; (3) After
the cross-over temperature: viscoelastic melt (Zawodi Mulvaney, 1998). The transition
zone is basically where softening of the cheesestakace with a loss in elasticity, which
was also observed in our cheese samples when hgage®.10). Above the cross-over
temperature viscous modulus becomes greater thasticelmodulus and the cheese
exhibits fluid like behavior (Lucey et al., 2008). our study, the cross-over temperature
for the cheese base was 44°C (Table 3.6). Zhowaibney (1998) observed that with
an increase in the casein:moisture ratio, the evges temperatures changed from 45 to
65°C in their model cheese system. The relatively tross-over temperature of our
cheese base was an indication of weaker interactma bonds in our non-fat cheese
base, which could be due to its low calcium consamte the cheese bases were produced
by direct acidification with citric acid, a well kwn calcium chelating acid. Venugopal
and Muthukumarappan (2003) did not observe cross-¢ok G' and G") at any
temperature during heating from 25 to 60°C of Chedtheese samples made with
different fat and moisture levels. It should beeabthat crossover points are frequency
dependent and also shift to higher temperaturdsigiter frequencies. Therefore, one
should be aware of this aspect and not rely on areagents at a single frequency when
defining certain structural changes, such as, itransand melt (Udayarajan et al., 2005).
Ross-Murphy (1995) proposed a relationship for tiegjdency dependence of G', the
power law exponenij of logG' versus loigis used as a measure of how close the gel is

behaving as a strong gel. Changes in thealues could help precisely monitor the
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transitions in the cheese structure as a functidaeroperature. The value ofis equal to
zero for crosslinked gels (strong gels) showind hais independent of frequency. For
physical gels (gels that are intermediate betwé&emg and weak gels) the valuerofs
higher than zero and increases as the relaxatigstof the bonds in the cheese network
becomes shorter (Gunasekaran and Ak, 2000; Udayaraj al., 2005). The slight
increase in tha values of the non-fat cheese base with the inereatemperature from
10 to 30°C indicated that there were some loskemumber and strength of the bonds
but those structural changes were small and thealdes were almost independent of
frequency (Fig. 3.12). Udayarajan et al. (2005)ehalgo found a similar trend mvalues

of the cheese while heating.

Elasticity of the cheese is important for cheesgofu since the tendency of a food
material to stick together or to stick onto a sceféas governed by a combined effect of
adhesive and cohesive forces and depends on tbesitis of the material (Adhikari et
al., 2001). According to the Dahlquist criteriortjckiness does not occur in hard
materials; and it states that, for adhesion to Qdtie storage modulus of an adhesive
must be below T0Pa (Dahlquist, 1969). The decrease in G' valuempfifat cheese base
from about %10° Pa to around fOPa as the temperature increased from 5 to 30%C (Fi
3.10) indicated that cheese became more adhesivenare susceptible to greater fusion
when reformed after heating to 30°C. It should bied that, applying Dahlquist criterion
to cheese adhesion may not always be relevantaltlestfact that cheese is a physical
network with cross-links that are transient in matand the G' values will change

depending on the time scale of the measurementd<Céiti al., 2007).
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Changes in dynamic moduli values of our cheese Esnguring heating provide
information about the interactions that occur ieete at a molecular level (Lucey et al.,
2003). The decrease in the dynamic moduli values amaindicator of a decrease in the
total number and/or strength of bonds in cheeseixm@tucey et al., 2003). When the
cheese is heated, hydrophobic interactions increastength (Bryant and McClements,
1998), which will induce conformational changesaasein particles that form the para-
casein matrix by altering the number of inter- amglaparticle bonds (Roefs and Van
Vliet, 1990). Several mechanisms were proposed dpplaining the changes in
viscoelastic properties and softening of cheesenguneating. Guinee et al. (2000)
studied the rheological properties of the cheedh warious fat contents while heating
and they observed a rapid decrease in G' of alssheamples when the temperature was
raised from 20 to 45-50°C, which was in agreemeith ¥he findings of Horne et al.
(1994), Guinee et al. (1999) and Joshi et al. (200de softening of cheese texture was
suggested to be related to an increase in paraacssl@ation due to a change in casein
conformation or to a pH reduction besides the mglof the fat since the G' of low fat
cheese also decreased (Guinee et al., 2000). Stodiethe stability and association
behavior of casein micelles showed that the volasity of the casein micelles
decreased with an increase in temperature (Wal4®80; De Kruif et al., 2002;
O’Connell et al.,, 2003). Casein patrticles shrinke do an increase in hydrophobic
intraparticle attractions, which in turn reduce®ithcontact area with neighboring
particles and that ultimately reduces the numbentefparticle bonds (Zoon et al., 1988;
Roefs and Van Vliet, 1990; Horne, 1998; Lucey et 2003). Increase in temperature

will also disrupt the hydrogen bonds. The decrdaasthe temperature of the non-fat
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cheese samples loosened the casein particlesdesphybic interactions were weak, and
lead to an increase in the number of interpartodads between casein particles, which
in turn increased the elastic moduli of the chesmmples (Fig. 3.10). The higher G'
values of the non-fat cheese base held at 4°C 3F@) indicated that, the protein matrix
had more/stronger casein-casein interactions asincgsarticles loosen and swelled
enlarging their contact area. The increased cas&nactions at 4°C resulted in a rigid
cheese texture, which was also evident from theupgs of the cheese shreds (Fig. 3.5).
The shreds for cheese held at 4°C appeared to beimact compared to cheese held at
18 and 30°C. Cheese shreds that were held at 36f€ smft. Since this was a non-fat
cheese these temperature differences were notadtleetdegree of solid/liquid fat. A
layer of moisture had formed on the surface ofstireds after incubating to 30°C for 6 h,
giving them a shiny appearance as seen in Fig.Mdisture release was presumably due
to decrease in water holding capacity of the pnstevith the increase in hydrophobic

interactions (Teo et al., 1996; Pastorino et &I02).

3.5.2. Reformation of non-fat cheese base at different temperatures

The rigid cheese mass of the cheese held at lopdeature resisted flow through
the extruder creating circular indentations on $lueface as cheese was exiting the
extruder. The initial pictures of the reformed deesamples showed that cheese
reformed at 4°C did not fuse very well with lotsoohcks, openings and a grainy texture
(Fig. 3.6). On the other hand reformed cheese wa®ther for the cheese reformed after
holding the cheese shreds at higher temperatusethedemperature increased, there was
a decrease in the total number and/or strengthoafi® (e.g. hydrogen bonds) in the

matrix resulting in softer cheese (Lucey et alQ30 Cheese shreds held at 30°C were
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soft making it easier to flow and fold. The moistface of the shreds that were held at
30°C could also have promoted fusion during refaghily making the cheese stickier.

All reformed cheese samples were stored for 1 wi@tbefore the analysis. Fig.
3.8 shows that the curdy appearance on the outiacswof all reformed cheese samples
had disappeared completely and after storage theyoked similar. Cheese samples that
were reformed at low temperature (4°C) showedesti#xture than the cheese reformed
at higher temperatures as indicated by the higtress values (Fig. 3.9) and G' values at
the measurement temperature of 5°C (Table 3.5)diéms of the cheese is mainly
determined by the volume fraction of proteins, rggte and number of protein-protein
interactions and the continuity of the protein mxa{de Jong, 1978; Chen et al., 1979;
Creamer and Olson, 1982; Prentice, 1992; Fox £2@00; Gunasekaran and Ak, 2003;
Lucey et al., 2003). The stiffer texture of the &b reformed at cold temperature (4°C)
indicated that the cheese had more numerous ititaracbetween casein particles
compared to cheese reformed at 30°C. Even afteageofor one week at 4°C, the
relatively softer structure of the cheese held @ndcessed at 30°C was still soft
compared to the cheese reformed at 4°C. This doelldue to incomplete recovery of
bonds and interactions after reforming. Akkermaal 1993) studied curd fusion during
cheese making and they proposed that mobility efdfisein chains and the number of
bonds formed between casein particles increased teinhperature due to Brownian
motion, while the strength of the bonds decreasadi€& on acid milk gels (Roefs and
Van Vliet, 1990; Lucey et al., 1997; Peng et ab]1@ and rennet milk gels (Zoon et al.,
1988; Lagoueyte et al., 1994; Horne, 1998; Mishrale 2005) showed that at low

measurement temperatures the G' values and shellirmbmilk gels were high due to
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increased contact area and fusion of particles @uodters as a result of increased
voluminosity upon cooling. Lagoueyte et al. (1984)died rennet gelation at 26, 32 or
40°C. They showed that gel strength increasediitst the increase in temperature but
decreased with a further increase in temperatuhey Suggested that bonds between
caseins were stronger when temperature was higlagling to quicker formation of
strands and clusters of micelles and faster fusbrlinked micelles; however, at
temperatures above 30°C the bonds between micgllasds and clusters break and
reform leading to a decrease in gel firmness. H¢1998) has also showed that the gel
strength in rennet curds increases linearly untihaximum between 35 and 40°C and
then declines at 45°C. Loosening of the internalictire of the casein micelle as
temperature is increased has been detected by NMRurements as an increase in the
mobility of protons on amino acid side chains of taseins (Rollema and Brinkhuis,
1989). Even though an increase in temperature penimteractions between caseins
leading to faster cheese fusion, as was obseroedtfie pictures of the cheese right after
reforming, the net impact was a softening of theesle structure due to loosening of the
para-casein matrix with a decrease in the streagthloss of interparticle bonds. The
guestion is how even after cold storage at 4°Clfevk, the cheese reformed at 30°C
exhibited softer structure.

Udayarajan et al. (2005) observed that, after hgatie non-fat cheese to 90°C
and cooling to 5°C the gel matrix of the cheese waaker and less elastic than the
original cheese. They suggested that once theipptetein bonds present in cheese
system were disrupted by heating, they did not detaely regain their original

conformation or strength when cooled back to timgiral temperature (Udayarajan et al.,
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2005). Subramanian et al. (2006) have also showh en reduced or regular fat
process cheese samples were heated from 10°CQGaad@°rate of 3°C per min, and held
at 40°C for 30 min before cooling back to 10°C, @evalues at the end of cooling were
less than the values recorded during heating. trstudy cheese was only heated up to
30°C (prior to reforming) and this temperature eosdoefore the larger transformations
that occur during melting. In order to better ustiend the impact of our temperature
range on the rheological properties of cheese,ubgested the base cheese to a heating
cycle up to 35°C and then it was cooled back to @°@Q. 3.14). Although partial
recovery of G' values were observed during codtiagk to 5°C, the G' values were still
lower than those initially observed values in tleating step (Table 3.8). This indicated
that structural changes occurred even during a hahting cycle and these changes were
not completely restored to the original conformaten cooling. The lower hardness and
storage modulus values of the cheese that waswetbat higher temperatures were due
to a lower degree of recovery of the initial humlaed strength of the bonds in the
cheese protein matrix. In addition, the softeriahitexture of the cheese held at 30°C
during processing might have facilitated largerfoomational changes in the matrix. It is
unlikely that holding the cheese at 30°C for 6 foleereforming could have caused any
significant proteolysis since no starter culturesweed in the making of these nonfat
cheeses.

High temperature characteristics of cheese samgdeseflected in the melt
profiles (Fig 3.13), G' values at 85°C (Table &abjl LT values (Table 3.6) did not show
any differences between any of the cheese sampfeseor after reforming. Meltability

of the cheese has been correlated with the LT gadueing heating (Ustunol et al., 1994,
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Mounsey and O’Riordan, 1999; Lucey et al., 2005)p#&ently incubating cheese at
30°C did not have an impact on the melting propsertif the cheese compared to lower
incubation temperatures as seen from the LT vahfidhe non-fat cheese base during
heating and cooling (Fig 3.14). Although a hysterége of loop was observed between
the LT values of heating and cooling, at the enthefcooling cycle, i.e., at 10°C the LT
values were the same. Heating the non-fat cheese toa30°C did not cause large
structural changes in the cheese matrix as wasnazsdrom the relatively moderate
increase in the power law exponent at that tempexaange (Fig 3.12). When the cheese
was cooled back, there were some recovery of theardic moduli values which
eventually yielded the same LT values (Table Xoip et al. (2001) studied the effect of
different heating regimes on the meltability of @dar cheese. They found that holding
the cheese at 40 or 50°C before it is alloweddw ftlid not influence the meltability of

the cheese.

3.6. CONCLUSIONS

Temperature of reforming influenced the rheologmalperties and the texture of
the cheese as determined after 1 wk of storageefréformed cheese at 4°C after
reforming process. Holding and processing the @&ae80°C made it soft and facilitated
a smoother product during reforming the cheeseutfiraghe extruder. After 1 wk of cold
storage (~4°C), no visible discontinuities wereesbed in any of the reformed cheese
samples; however, cheeses reformed at higher tewopes were still softer in texture
due to incomplete recovery of the bonds and intenas that were broken during the

incubation and reforming process.
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Table 3.1 Cheese manufacture protocol used for the noniiaese bases used for
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reforming
Temperature/
Operation Time (min) pH, TA
Initial Skim Milk TA 0.165
initial milk weight (kg) 272 kg pH 6.64
Add Citric Acid to Drop pH 0 min Temp 5°C
Add diluted citric acid (10% w/w
solution pH of ~1.6) TA 0.37
pH 5.54
Target: pH 5.60
Add CaCl, 20 min TA 0.408
31 g/ 100 kg milk or 81 ml 48 g pH 5.58
Add Coagulant - 33°C 25 min Temp 32°C
Ch Hansen, Chymax Extra (dbl
str) TA 0.408
1.9 g /100 kg milk 55¢ pH 5.58
Cutting 65 min TA 0.320
1.3 cm knives pH 5.63
Start Cooking / Begin Agitation 70 min Temp 32°C
Reach Cooking Temp - 37°C 90 min Temp 37°C
TA 0.271
whey-pH 5.55
curd-pH 5.34
Complete Drain TA
Beginning 95 min whey-pH
End 105 min curd-pH
Add Flake Salt 120 min TA
curd-pH
220 g/ 100 kg milk g salt 613
Hooping (9 kg Wilson) 135 min curd-pH 5.34
Pressing -In 155 min
1 hour, 270 kPa - Out 215 min cuktl-p  5.33
Storage Weight 20 kg

Into cooler after 1 hr press




making-reforming trials.
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Table 3.2 Chemical composition of milk and cheese base. Meaedor three cheese

Milk
Total solids, % 8.82+0.1
Fat, % 0.09 +0.02
Casein, % 2.54 +0.03
Protein, % 3.26 £ 0.04
Casein:Fat ratio 28+5
Total Ca, mg/100g milk 120+ 2.3

Cheese
Moisture, % 58.70 £ 0.49
Fat, % 1.22+0.24
Protein, % 32.8+0.49
pH 5.54 +0.09
Salt, % 1.34+0.12
Total Ca, mg/100g cheese 439 £ 4.53




Table 3.3Texture Profile Analysis results for cheese basedeeses held and reformed at different tempesdy; 18 or 30°C).
62% compression. Cheeses tested after storag€dordl wk. Means are for three cheese making-n&fay trials.

Reforming temperature (°C)

Cheese base 4 18 30
Adhesiveness (g.mm)  -3.40E-@30.01% -5.10E-03* 0.0 -5.40E-03* 0.0 -3.80E-03* 0.0
Springiness (mm) 11.68 0.42 11.90% 0.7 11.80* 0.1° 11.80* 0.2
Cohesiveness 6.60E-G1 0.02°% 6.69E-01% 0.02 6.70E-01%* 0.0Z 6.78E-01* 0.0
Gumminess (g) 5.16E+08 653 4.90E+03t 608" 4.62E+03* 537 4.26E+03* 48F
Chewiness (g.mm) 6.03E+@% 8422° 5.85E+04+ 7509" 5.44E+04% 5999* 5.05E+04+ 5013

#dMeans with different letters within the same row significantly different (P<0.05)

Table 3.4 Uniaxial compression results for cheese base apdsels reformed at different temperatures (4, 1806€). 80%
compression. Cheeses tested after storage at 490nk. Means are for three cheese making-reforrriafgs.

Adhesiveness Force Adhesiveness Area

Cheese Tyg Initial Slope(N/mm?/%) Hardness (¢ (9) (N/mm2.%)
Cheese base 0.062 0.00° 1.38E+04* 7.E+02°? -12.18% 10.2° -2.00E-04* 1.E-05°
Cheese reformed at:
4°C 0.006* 0.01° 1.47E+04* 4.E+03° -15.15* 18.8*% -1.00E-04% 1.E-06°
18°C 0.006t 0.01% 1.23E+04* 4.E+03° -1.91% 3.3°% -2.00E-04* 2.E-06*
30°C 0.007t 0.01° 1.32E+04% 2.E+03° -7.78% 6.1° -1.20E-04% 2.E-06°

®Means with different letters within the same row significantly different (P<0.05)
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Table 3.t Storage Modulus (G') values obtained from SAOSpEmature sweep tests at
measurement temperatures of 5 and 85°C for chemse dnd cheeses reformed at
different temperatures (4, 18 or 30°C). Cheese®desfter storage at 4°C for 1 wk.

Means are for three cheese making-reforming trials.

Cheese Type G'at5°C (Pa) G'at 85 °C (Pa)
Cheese base 3.24E+04 1.E+03° 4.8E+00 + 2.57°
Reforming temperature:
4°C 2.88E+04 + 6.E+03% 3.8E+00 + 1.80°
18°C 2.41E+04 + 4.E+03" 3.8E+00 * 1.00°
30°C 2.18E+04 + 3.E+0% 2.5E+00 + 1.89°

& Means with different letters within the same colurare significantly different
(P<0.05)

Table 3.6 Maximum loss tangent (LTmax) values, temperatute L@max, and
temperature where LT=1 and loss tangent (LT) vahtemeasurement temperature of
85°C obtained from SAOS temperature sweep testhedse base and cheeses reformed
at different temperatures (4, 18 or 30°C). Chedssted after storage at 4°C for 1 wk.

Means are for three cheese making-reforming trials.

Cheese

Type

Cheese 6.45 * 0.28% 70.34 + 0.23° 44.02 + 0.25° 3.46 + 0.70°
base

Reforming

temperature:

4°C 6.45 + 0.92° 74.78 + 0.03" 44.40 + 0.00° 3.86 + 0.79°

LTmax Temperature at LTmax Temperature at LT=1 t8%C

8°C 6.33 + 0.89° 74.90 + 0.00° 44.50 + 0.00° 4.27 + 0.76°

30°C 6.71 £ 0.41° 7520 + 0.52° 43.80 + 0.52° 474 + 0.43°

&¢ Means with different letters within the same colurare significantly different
(P<0.05)
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Table 3.7 UW-MeltProfiler test results for the melting propes of cheese base and
cheeses reformed at different temperatures. Cheéestesl after storage at 4°C for 1 wk.

Means are for three cheese making-reforming trials.

Cheese Type Degree of flow (%) at 60°C Softenmigtp( °C)

Cheese base 5 3 4320 + 1°

Reforming temperature:

4°C 75 + 1° 43.16 + 2°
18°C 76 + 1° 4213 + 1°
30°C 77 + 1° 40.86 + 1°

®Means with different letters within the same coluana significantly different (P<0.05)

Table 3.8Dynamic moduli (G' and G") and loss tangent (L@jues of the cheese base at
5°C, and after heating and cooling cycle from 3%6C and back to 5°C. Means are for

three cheese making-reforming trials.

G (Pa) G" (Pa) LT

Before heating 1.82E+04+ 424 5.21E+03 + 53¢ 0.31 + 0.01°

After heating and cooling ~ 1.22E+04 141° 3.87E+03 #* 163 0.32 + 0.01°

#PMeans with different letters within the same coluane significantly different (P<0.05)
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Figure 3.1 Double-screw vacuum filler (Vemag Robot500, Reis@rden, Germany).

Figure 3.2 Double screws (Vemag Robot500, Reiser, Verdennaey).
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Safety hopper
Feed cylinder

- Double screw housing
Linking transmission
Adjustable fest
Knee lever '
Safety step
Gouerl for vacuum system with cleaning plug
Machine operating panel {differs according
to version — here Bobot 500 with VEMAG
874 automatic portioning machine
Automatic  portioning  machine operating
panel (here VEMAG 874)

D0 s S b LA RS =

-—
&

Figure 3.3General view and parts of Vemag Robot 500. Instédidking transmission
(4), an extension tube was attached to the doebésvshousing (3) during the operation

(Vemag Robot 500 manual, 2005)

2 Double screws
3 Double screw housing

Figure 3.4 Alignment and fitting of double screws into doulsierew housing (Vemag

Robot 500 manual, 2005)
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Figure 3.5 Pictures of the non-fat cheese shreds after inmbat (a) 4°C, (b) 18°C and
(c) 30°C for 6 h.
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Figure 3.6 Pictures of the non-fat cheese samples immediatiédy reforming cheese
that had been incubated at (a) 4°C, (b) 18°C an8io& for 6 h.
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Figure 3.7 Non-fat cheese being reformed at 30°C throughajruicoated extension
tube and (b) teflon coated extension tube for tam&g Robot 500
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Figure 3.8 Non-fat cheese samples after storage at 4°C faveék. Cheeses were
reformed at (a) 4°C, (b) 18°C and (c) 30°C
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Figure 3.9 Hardness results of cheese base and cheese rdfamelifferent
temperatures (4, 18 or 30°C) as determined by tRA Test (62% compression).
Cheeses tested after storage at 4°C for 1 wk. Bats different letters indicate

significant differences (p<0.05). Means are foethcheese making-reforming trials.
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Figure 3.10 Storage modulus (G') as a function of temperafarecheese base and
cheese reformed at different temperatures (4, 13C) during heating from 5 to 85°C
at 1°C/min. Cheeses tested after storage at 4°Q fak. Means are for three cheese

making-reforming trials.
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Figure 3.11 Loss tangent as a function of temperature for sbdease and cheese
reformed at different temperatures (4, 18 or 30dG)ing testing of cheese from 5 to

85°C at 1°C/min. Cheeses tested after storageCato#’l wk. Means are for three cheese

making-reforming trials.
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Figure 3.12 Power law exponent of the logG' vs fagurves plotted as a function of
temperature for non-fat cheese base, temperatisaaised from 5 to 40°C at 1°C/min.

Means are for three cheese making trials.
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Figure 3.13 Decrease in the height of cheese base and chefsened at different
temperatures (4, 18 or 30°C) during melt profilalgsis. Cheeses tested after storage at

4°C for 1 wk.
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Chapter 4

IMPACT OF pH ON THE TEXTURE AND RHEOLOGICAL

PROPERTIES OF REFORMED LOW-FAT CHEESE

4.1. ABSTRACT

Impact of pH and soluble calcium content on themehbility of low-fat cheese was
investigated. In this study we adjusted the pH @slof cheese to solubilize the colloidal
calcium phosphate (CCP), and improve the reforntglaif cheese. Low-fat cheese bases
were produced to have 4 different pH values (6.2, 3.5, 5.3). Milk was pre-acidified to
pH 6.2 using citric acid and pH was adjusted byatiéition of glucona-lactone (GDL)
at the milling step in order to alter the CCP sdigtion levels while trying to keep the
total calcium content constant. After 2 wk of stggaat 4°C, cheese was ground with a
food processor and then reformed into a cheesek blstng plastic beakers and a
hydraulic press. Texture, rheology, microstructureelting properties and visual
appearance of cheese samples were examined 2 &rkreformation (stored at 4°C).
Dynamic rheological properties were measured byllsanaplitude oscillatory rheology
during heating of cheese from 5 to 85°C. Texturalpprties were determined with a
Texture Analyzer. Melt properties were determinsthg UW-Melt-profiler. Compared

to the base cheese, reforming cheese adjusted tm3Hid not significantly change its
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textural properties, dynamic moduli or degree ol Cheeses that had higher pH values
exhibited a profound decrease in hardness and dgnawduli after reforming, as well
as, an increase in the degree of flow. The incotaglesion of the grated cheese particles
after repressing of cheese with higher pH values tva reason for the weaker structure
in these samples. In low pH cheese, the loss of @GBslinks provided greater bond
mobility between caseins, which allowed the chgesécles to fuse better and therefore

provided more complete recovery in the texture progs of the cheese after reforming.

4.2.INTRODUCTION

It is well known that pH and insoluble calcium cemit have a major influence on the
interactions between caseins (Lucey and Fox, 1B@&y et al., 2003; Lee et al., 2005;
Choi et al., 2008). The rate and extent of the deidelopment is related to the calcium
content of the cheese since the decrease in phldlekssinsoluble calcium from the
casein micelles. In the cheese matrix, caseinsaicttehrough charge interactions (+/-
bridges between phosphoseryl clusters and calcinosghate nanoclusters; CCP) and
hydrophobic interactions (hydrophobic segments amsem molecules). Charge
interactions are controlled by the residual changehe casein, which is directly related
to pH, ionic strength and Cabinding. A decrease in pH solubilizes CCP crogslin
between caseins and also reduces the electrogptitsion due to the decrease in the net
negative charge on caseins. When CCP is soluthjlizegatively charged phosphoserine
residues are exposed causing repulsion (Lucey,e2G)3). Cheese curds with a low pH
tend to be crumbly (e.g., Cheshire cheese), whérigaspH curds tend to be more elastic
(e.g., Emmental cheese) (Lucey and Fox, 1993).igkt pH values (~6.5) cheese texture

is firm and poorly meltable due to the excessivePCeosslinks. At pH 5.2, protein
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matrix has the maximum mobility, which provides fgood curd fusion, melting and
stretching characteristics. Below pH 5.0 hydropholnteractions dominates as
electrostatic repulsion greatly decreases. Whemplthef the cheese approaches the pl of
casein, the texture is brittle and crumbly duehe éxcessive (+/-) attraction between
caseins (Lucey et al., 2003).

Reducing the insoluble calcium content of caseiceftes increased the casein bond
mobility and the flexibility of rennet gel networksade from CH&-depleted milks (Choi
et al., 2007). Loosening of the interactions betwesnd within, casein particles by the
solubilization of CCP can facilitate greater reagaments with higher molecular
mobility of casein micelles. We hypothesize thatiacrease in the relaxation of the
bonds and flexibility of the caseins would prommgarrangements and association of the
caseins in the reforming process of the cheesedhig study, our objective was to
investigate the influence of the pH and calciumubiization on the degree of

reformability of the low-fat cheese as indicatedihg recovery of the textural properties.

4.3.MATERIALS AND METHODS

4.3.1. Cheesemaking

Directly acidified low-fat cheese bases were mademall scale mini-cheese vats
from pasteurized milk (73°C for 15 sec) obtainednfrthe University of Wisconsin-
Dairy Plant. After adjusting the fat content to%.%by mixing skim milk that had 0.1%
fat and whole milk with 3.7% fat), milk was pre-dified to pH 6.2 with citric acid at
5°C. Double strength chymosin (Chymax extra, Chang#¢n’s, Milwaukee, WI) was
added to the milk at 33°C. The coagulum had reashéfttient firmness after 1 h and

was cut with 0.63 cm knives, allowed to heal fomfn, and then gently (manually)
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stirred for 5 min before cooking. Cooking temperasuwere slightly altered to achieve
similar moisture content (~59%) in all cheesesoidr cooking temperature was used
for the low pH cheeses and curd handling times képtter to be able to retain more
moisture in those cheeses since lowering the pHecawre water expulsion from the
curds. Whey was drained, and after the curd wasedhait was cut into blocks, turned
upside down and stacked for 10 to 15 min until ingll Gluconos-lactone (GDL) was

added to the milled curd at the amounts of 0, ©0.3,and 0.4% of milk (w/w) to obtain

cheeses with pH 6.2, 5.8, 5.5 and 5.3, respectivdter salting (0.2% of the weight of

the milk in the vat (w/w)) curd was pressed int@p® that were lined with cheese cloth
and pressed for 2 h and vacuum sealed. Cheeseshe&arstored at 4°C for 2 wk prior to
the grating-reforming treatment. Trials were reqiled for 6 times. The manufacturing

protocol of low-fat cheese base is given in Table 4

4.3.2. Cheese reforming

A food processor (Cuisinart, USA) was used fondjng the cheese. The ground
cheese were then filled into plastic beakers arebgad for 1 h with a laboratory
hydraulic press (Carver Press, Wabash, IN). Theessed cheese samples were held at
4°C inside the plastic beakers for 1 d and theroked, vacuum sealed and stored for 1

wk at 4°C prior to analysis.

4.3.3. Compositional Analysis

Milk samples were analyzed for total solids, faptpin, casein (Marshall, 1992)
and total and soluble calcium (Hassan et al., 200d¢ total solids, fat, protein and pH

of cheese were determined (Marshall, 1992). Tleceatent of the cheese samples
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measured using Corning Salt Analyzer (Marshall,2)9%nd the total calcium content
was analyzed by inductively-coupled Argon plasmaission spectroscopy (ICP).
Soluble calcium content of cheese samples werendeted using acid-base titration

method (Hassan et al., 2004).

4.3.4. Textural analysis

A TA.XT2 Texture Analyzer (Stable Micro Systems, -@Gaiming, Surrey, UK)
with a TA-25 probe (50 mm diameter) and TA-90A flaate was used for texture
testing. Cylindrical cheese samples having 16 mameier and 17.5 mm height were cut
and kept overnight at 4°C in sealed plastic bagsr o the analysis. Texture Profile
Analysis where cheese was compressed by 62% obrilgemal height, and uniaxial
compression test when cheese was compressed bpf8@ginal height, was performed
on cheese samples. Tests were performed at 4°Qurégxarameters were calculated as

described by Bourne (2002).

4.3.5. Melt profile analysis

Melt Profile Analysis was performed using UW MelwRler developed by
Muthukumarappan et al. (1999). For melt analysiBndrical cheese samples having 30
mm diameter and 7 mm thickness were cut with canrebcylinders and held overnight
at 4°C in sealed plastic bags. Cheese samples plaed in an oven at 72°C
immediately after taking out of the refrigerator4aC. A thermocouple was inserted in
the center of the cheese disc and then placed betime aluminum plates having a dry
film lubricant and a layer of oil sprayed on theBecrease in cheese height during

melting was measured over 15 min by a linear véeialifferential transformer, which
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was connected to the top plate. Degree of flow (P®&s calculated as the percentage

decrease in the original cheese height when chieeggerature reached 55°C.

4.3.6. Rheological Analysis

Rheological properties were determined using a Pagsica (UDS 200, Physica
Messtechnik GmbH, Stuttgart, Germany) controlledsst rheometer, with a serrated
parallel plate geometry. Cheese disks of 50 mm éiamand 3 mm thickness were cut
out from a cylindrical stainless steel cork boresnf the 3 mm thick cheese slices
obtained using a meat slicer. Cheese discs weredbaled in plastic bags and held at
4°C overnight prior to the test. When loading saaph order to maintain a good contact
between plate and cheese, the upper plate wasddwarto cheese not to exceed a
normal force of 2 N and then samples were allowedetax for about 15 min to a
relatively constant normal force reading of 0.8 é&fdoe starting the test. A thin layer of
vegetable oil was applied around the cheese samaplprevent the moisture loss.
Rheological properties of cheese were evaluatetl ait applied strain of 0.2% and
frequency of 0.1 Hz. Temperature sweeps were paddrfrom 5 to 85°C at the rate of
[°C/min. Storage modulus (G'), loss modulus (GHd doss tangent (LT) were the

parameters determined from dynamic small amplitgigllatory shear rheology tests.

4.3.7. Statistical Analysis

Statistical analysis was performed using SPSS (SR&S$on 13.0). Analysis of
variance (ANOVA) was performed to determine thesefffof different pH values on the
composition and textural properties of cheese lzamk reformed cheese samples at

p<0.05 significance level. Differences between meamse analyzed using Tukey’s
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method for multiple comparisons of means. A pairgest was performed to determine
the significance of the differences in textural gdies of the cheese before and after

reforming.

4.4 RESULTS

4.4.1. Milk and cheese composition

Composition of the cheese samples are given ineTdl2. There were no
significant differences between the moisture, padtein and salt content of the cheeses.
Fat content of the cheese samples was 5%, whiclidvetassify it as low-fat according
to the Code of Federal Regulations for the labetihtpw and nonfat cheese, i.e., <6%
fat, or 3 g or less fat for a 28-g serving (CFRQ&0 Buffering peak during the acid
titration curve due to the solubilisation of CCimohished and finally disappeared with
increasing GDL concentration (Fig. 4.1). As theeleof added GDL increased, there was
an increase in the buffering below pH ~4.5 duringl ditration. At the beginning of the
back titration with base, cheese having higher GEiels showed higher initial
buffering, which was likely due to buffering by ghnic acid (pKa = 3.6). The peak in
base-titration curve at pH ~6 became smaller as G concentration increased
indicating less calcium phosphate precipitation doethe reduction in the insoluble
calcium phosphate content of cheese. Total calcioncentrations did not differ between
cheese samples, while insoluble calcium levels wigpaificantly different and decreased
with a decrease in pH. Reducing the cheese pH Bdno 5.3 reduced the insoluble
calcium amount by 38%. Previous studies have shbamnas milk is acidified, the CCP
dissolves from the casein micelles (e.g., McMahioal.e 2005; Guinee et al., 2002; Joshi

et al., 2003; Sheehan and Guinee, 2004). When matkiaese, acidification solubilizes
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the calcium and if most acidification occurs befatethe whey is drained, then this
solubilized calcium can be lost along with the deeaevhey. In our study, since the
acidification was done after most of the whey wamaoved (i.e., prior to pressing), the
total calcium content was similar for all cheesmpgles. There was a slight decrease in
total calcium content as the pH was reduced, whiak probably as a result of ongoing

whey loss during the pressing step, however, tifference was not significant.

4.4.2. Visual attributes

Pictures taken before and after reforming for theese samples having different
pH values showed that, cheese reformed at highargbkés (i.e., pH 6.2 and 5.8) did not
visibly fuse together very well (Fig 4.2). Cheestormed at pH 6.2 had a grainy texture;
the boundaries between cheese patrticles that weeted in ground cheese were still
mostly visible. As the pH was decreased, the imdial cheese particles in the reformed
cheese became less apparent and disappeared ayngtetvas not possible to tell the

difference in the visible appearance of cheeséldd.f before and after reforming.

4.4.3. Texture properties

Hardness results for the cheeses before and aftemming are shown in Figure
4.3. There was no significant difference in TPAdmass between the reformed and
untreated cheese except for the cheese at pH @Ble(T4.3). However, uniaxial
compression test, where a larger deformation wagdiemly showed that reforming
reduced the hardness of the cheese significantdgpgxor the cheese at pH 5.3 (Table
4.4). Conflicting trends for hardness between tiRATand uniaxial compression tests

were also seen in our previous work on the impégrating size on reforming cheese



123

(Akbulut et al., 2011; Chapter 2). All cheese sasglsed well enough to form a single
cheese piece that held together, however, disaotiéa still existed in cheese structure
reformed at higher pH values. The lower strain [E\(62%) applied in TPA test was
probably not enough to reveal the discontinuitiesncomplete fusion (Akbulut et al.,

2011).

A smaller difference between the hardness valuésirea by uniaxial compression
test before and after reforming was observed ahdnigsDL levels. No significant
difference in hardness values compared to the ehe@se was observed after reforming
the cheese at pH 5.3 (Table 4.4). In higher pH sfelkardness was greatly reduced in
reformed cheese compared to the cheese base. dingtioa in hardness was probably
due to the cheese becoming more brittle sinceditndt fuse well and with deformation
the cheese collapsed into the pieces (Fig. 4.5).ddyree of recovery in the hardness of
the cheese after reforming can be used as an todickthe extent of cheese fusion. As
the pH was reduced, most of the physically dismiftends and interactions between the
proteins were restored back to almost its origieakl. The recovery in hardness of
reformed cheese samples in respect to their ofigan@ness, as determined by uniaxial
compression test, was 93, 83, 74 and 68% in chegbkepH 5.3, 5.5, 5.8 and 6.2,
respectively (Fig. 4.4).

Cohesiveness, gumminess and chewiness of the redocheeses did not differ from
their corresponding cheese base except for thesehedormed at pH 6.2, which had
much lower cohesiveness, gumminess and chewinesseasured by TPA analysis

(Table 4.3). The incomplete fusion of the cheeasigles at pH 6.2 made the cheese
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crumbly, therefore substantially reduced the colesss and reduced the amount of

force required to disintegrate it during compressio

4.4.4. Rheological properties

The recovery in the dynamic moduli values of theeede after reforming
followed a similar trend to the hardness at 80% m@ssion; as the pH was reduced the
degree of recovery of the dynamic moduli observedhe original cheese was greater
(Fig 4.8). The recovery in dynamic moduli values1@°C) of reformed cheese samples
in respect to their original values was 85, 75a68 66% for G' value and 87, 74, 70 and
68% for G" values in cheese with pH 5.3, 5.5, ;18 &.2, respectively. Changes in the
dynamic moduli and loss tangent during heating ctheese samples from 5 to 80°C

before and after reforming are shown in Figuresah® 4.10 respectively.

4.4.5. Meltability

Melt profiles of the cheese samples are showngn4il3. The degree of flow, a
measure of meltability of the cheese, was sigmtfigaincreased after reforming the
cheese made at pH 6.2, 5.8 and 5.5 (Fig. 4.12 abt&®.5). The change in the degree of
flow (at 55°C) of the cheese samples after refognaindifferent pH values is given in Fig
4.11. The difference in meltability between oridirend reformed cheeses became
smaller as the pH of cheese reduced and at pth&.8elt behavior was the same before

and after reforming.

4.4.6. Microstructure of cheese after reforming

Decreasing the pH to 5.5 and 5.3 with GDL greathprioved the fusion of

cheese, as observed from microscopy images (Fig).ACheese at pH 5.3 visibly fused
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almost completely, and little to no mechanical Bolere obvious between the contact
regions in micrographs (Fig. 4.14). On the otherdhat pH 6.2 the contact region of the

cheese slices remained distinct (Fig. 4.14).

4.5.DISCUSSION

Reducing the pH improved cheese fusion and refoitityall exture properties of the
low-fat cheese made at pH 5.3 were mostly restafted reforming (Tables 4.3 and 4.4).
On the other hand, reforming the cheese made &t iy i.e. pH 6.2, reduced its
hardness (Fig 4.4) and storage modulus (Fig. 4t8)ewnaking it more meltable (Fig.
4.12). It was apparent that, as the cheese baseaghiecreased, reforming had a smaller
impact on textural and rheological properties, \whicas presumably due to the greater
extent of recovery in the bonds and interactiortsvéen proteins. Finally, at pH 5.3 no
significant difference was observed in texture prtips after reforming (Tables 4.3 and
4.4).

The para-casein network as the backbone of thesetstructure, and therefore it was
assumed to play a major role in the reformatioohefese. Care was taken to ensure that
the gross composition of cheese base was similalifigrent pH levels in order to
eliminate any influence of compositional differeacen the texture. Changes in
reformability of the cheese samples at differentlp¥tls were due to the differences in
the type of protein interactions. It is well knowhat pH influences the casein
interactions mainly because of its demineralizagffiect on casein micelles (Lucey et
al., 2003). Influence of pH on the interactionswesn caseins is more indirect above pH
5.0 and is mediated through its effect on ‘Csolubility (McMahon et al., 2005). The

proportion of insoluble calcium associated withetagarticles (or the ratio of the Ca to
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protein content) has been suggested as a usafatstl parameter as it may regulate the
textural properties of the cheese (Lucey et aD320

Applying the Horne model for casein micelle forroatstability (Horne, 1998), the
decrease in pH reduced the CCP crosslinks andasedeelectrostatic repulsion between
the newly exposed phosphoserine groups of caseiecoles. The net result was a
weakening of cheese structure. The ratio of theluide to total calcium decreased from
86 to 53% as the pH was reduced from 6.2 to 5.Bl€T4.2). Solubilization of the CCP
crosslinks increased the bond mobility, which whs tikely cause of the improved
cheese fusion at low pH. Paulson et al. (1998) reksethat, nonfat Mozzarella cheese
with low calcium content was highly hydrated andtkst and adhered to the rubber
gloves when hand stretching in hot water. WhenQR# crosslinks in cheese protein
matrix are solubilized, the proteins are more disamted and available to interact with
other surfaces. It was suggested that the dissatiaf the casein aggregates due to the
solubilization of calcium, exposed more hydrophadites, and charged sites as well as
imparting a greater degree of flexibility (bond® aasily broken and reformed), thus
making the proteins prone to interact with surfasesh as, rubber or steel (McMahon et
al., 2005).

Decrease in pH reduced the hardness, springinkeswijress (Table 4.3) and storage
modulus (Fig. 4.6) of the cheese base. In the lkifigrevious studies (Watkinson et al.,
2001; Guinee et al., 2002; Joshi et al., 2003; dPiast et al., 2003a,b; Sheehan and
Guinee, 2004), it was expected that reducing thefrphh 6.2 to 5.3 would make the
cheese base softer (Fig 4.3) as thé Geas solubilized and the bonds between the

proteins became much weaker and required less \erterdpreak. According to the
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Dahlquist criterion, stickiness does not occur ardhmaterials; and it states that, for
adhesion to occur, the storage modulus of an adhesist be below £Pa (Dahlquist,
1969). It was only the cheese base at pH 5.3 taatehG' value <FOPa (at 10°C) and
that sample exhibited the greatest extent of fusidh no significant change in textural
and rheological properties after reforming. Theeswa substantial decrease in G' values
(at 10°C) as the pH reduced; however the G" valeesined relatively similar at all pH
values. Therefore the viscous character of thesthbase became more influential with a
decrease in pH. Joshi et al. (2004) had also obedexsimilar trend in G' and G" values
when they reduced the Cacontent of cheese. The increase in LTmax valuds thie
decrease in pH (Fig. 4.10) was also an indicatanafeased viscous nature, or a more
fluid-like character. The viscous component reBethhe temporary character of the
matrix with weak bonds having short relaxation n@eaning that they are mobile, they
break and reform spontaneously by the applicatibthe stress (Lucey et al., 2003;
Horne and Banks, 2004). The relatively viscous mati the cheese base at low pH was
indicator of a more flexible protein matrix. Thisopably allowed more rearrangements,
which helped to rebuild interactions and bond$iatdontact surfaces of curd particles.
The significant decrease in the dynamic moduli daddness that occurred when
cheese at high pH (6.2) was reformed could bebated to the presence of weaker
interactions and incomplete recovery of the boretsvben caseins. The continuity of the
protein matrix is one of the factors that deterntiogv stiff the cheese is. Hardness of the
cheese increases as the strength and number pfdteen-protein interactions in cheese
increase (de Jong, 1978; Chen et al.,, 1979; Cream@rOlson, 1982; Prentice, 1992;

Fox et al., 2000; Gunasekaran and Ak, 2003; Ludegl.e 2003). The presence of the
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discontinuities in the cheese matrix due to themmglete fusion reduced the amount of
the force required to disintegrate cheese by crgadi less chewy and gummy texture
with a decrease in hardness (Table 4.3). Less gneag needed to disrupt the bonds
within the casein network which could also allovoteins to flow when it was heated
after reforming; thus reformed cheese samples wigiher pH values showed higher
degree of flow (Fig. 4.11).

In a cheese making process, for the curd fusionctur, the flow of curd grains
(deformation) that results in the creation of ayéacontact area and formation of bonds
between those adjacent grains is essential (Akkemhal., 1993; Lodaite et al., 2002).
In cheese reforming process, motion of the padidemore restricted compared to the
initial curd particles created when the rennet cbag was cut; however, the type of
interactions involved in the fusion of the cheesetiples are similar. Curd fusion takes
place as casein molecules at the surface of eaticl@associate with casein molecules
on adjacent curd particles (Johnson and Law, 2Qk@)aite et al. (2002) found that, the
fusion of the curd grains was impaired if the passin strands of the network become
thicker and less flexible. Protein-protein interacs are enhanced and proteins are highly
aggregated when there is a high insoluble Ca cdératem in cheese (McMahon et al.,
2005). At high pH, there is a higher proportionimdoluble calcium in cheese, which
limits the flexibility of proteins due to the in@sed number of CCP crosslinks between
caseins and that could hinder the fusion of theesheparticles at adjacent surfaces.
Lowrie et al. (1982) studied the fusion of the deeeurds in Cheddar cheese making,
and observed that curd granule and milled curdtjons were only a little affected by

the use of different pressing systems; and pH ware nmportant for cheese fusion. The
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cheese base made at pH 6.2 had a firm texturet &nsed poorly after reforming. It was
not cohesive; a dramatic decrease in cohesiversdgesywas observed after reforming
(Table 4.3). Micrographs of the cheese samplessiiswed that cheese at pH 6.2 did not
fuse well (Fig 4.14). The texture of the cheesermaéd at pH 6.2 can be described as
very curdy. Curdiness is a condition in cheese titaurs at traditional cheese making
process when cheese curds do not fuse sufficiexfter filling them into hoops and
pressing (Johnson and Law, 2010). When this cheaedeewed, it will readily break into
the original curd particles. Curdiness is more prém occur in cheeses at higher pH

values (Johnson and Law, 2010).

4.6. CONCLUSIONS

This study demonstrated that changing the insolcdlgum levels by altering the pH
influenced the reformability of the cheese grealdgecrease in pH improved cheese
fusion. Interactions and bonds between caseins wersumably restored back to the
levels prior to grating/reforming as pH was redudeeé to the increase in bond mobility
with the solubilization of CCP crosslinks. The lev# the fusion between cheese
particles after reforming can be controlled by aiag the pH. It is important to have a
control over cheese fusion in reforming as this lksalp modify the final cheese texture
depending upon consumer preferences. Reformingsehegh a lower pH did not alter
the texture as much as high pH cheese since modslkappeared to reform on storage of
low pH cheese. The rubbery and firm texture ofltdvefat cheese made at high pH was

improved by reforming as the texture became shartdrsofter.
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Table 4.1 Cheese manufacturing protocol used for the lowclfetese bases having final

pH values of 6.2, 5.8, 5.5 and 5.3

H/
Operation Time (min) Quantity 'FI)'emperature
Initial Milk — 0.40 to 0.50%
butterfat
initial milk weight (kg) 20 kg pH 6.76
Add Citric Acid to Drop pH 0 min Temp 5°C
Add diluted citric acid (4:1) 75 ml diluted acid pH 6.20
6.20 target
Add Coagulant - 33°C 35 min Temp 33°C
Ch Hansen, Chymax Extra (dbl str)
0.02% 0.8 ml
Cutting 95 min
1.3 cm knives pH6.20
Start Cooking / Begin Agitation 110 min Temp 33°C
Reach Cooking Temp 130 min  Target pH 6.20 Temp 37°C
Target pH 5.80 Temp 36°C
Target pH 5.50 Temp 35°C
Target pH 5.30 Temp 34°C

Complete Drain
Beginning 140 min

End 145 min
Cut, turn and stack 2 high 155 min
Mill 170 min
Add Salt
0.4% of milk (2% of cheese) 409
Add GDL 0Og No GDL pH 6.2 target
209 0.1% of milk pH 5.8 target
60 g 0.3% of milk pH 5.5 target
8049 0.4% of milk pH 5.3 target
Hooping 190 min
Pressing -In 195 min
1 hour, ~300 kPa - Out 315 min
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Table 4.z Chemical composition of cheese bases made witreift amounts of glucon®-

lactone. Means are for replicates of 6 cheese rgakias.

Cheese
Moisture (%) 59+0.4
Fat (%) 5+0.6
Protein (%) 302
Salt (%) 1.6+0.3
Total Ca (mg/100g) 668 + 24
Gluconosé-lactone (%)
Cheese 0 0.1 0.3 0.4
pH
1st day 6.18 5.83 5.5% 5.2¢'
1st week 6.15 5.79 5.3% 5.3¢'
2nd week 6.13 5.79 5.5Z 5.31°
1st month 6.1° 5.76 5.54 5.31°
Insoluble Ca (as % of total Ca) 862 69 610C 5%
Soluble Ca as (% of total Ca) 142 310 3gbC 47c

#PMeans with different letters within the same row significantly different (P<0.05)
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Table 4.3 Comparison of texture profile analysis results6@ompression) before and

after reforming the cheese at different pH valldeans are for replicates of 6 cheese

making trials.
Cheese
Before reforming After reforming %
(Base) (Reformed) Recovery
Parameter pH X SD X SD t

6.2 856E+03 628 559E+03 152 9.51% 655
58 6.08E+03 564 5.74E+03 640 2.44 76%
55 3.07E+03 991  2.47E+03 1337 1.62 | 94.4
Hardness (g) 93 3.04E+03 1028 3.30E+03 521 -0.54 116°7
6.2 -290E+01 14 -1.00E+01 10 -3.09 34%
Adhesiveness 5.8 -2.80E+01 20 -1.70E+01 13 -0.76 60%7
(g.mm) 55 -1.17E+02 138 -6.90E+01 34 -0.79| 59.0
53 .240E+01 11  -2.70E+01 45 169 | 1125
6.2 1.30E+01 0.21 120E+01 032 192 | 954
58 1.20E+01 0.2  1.20E+01 0.07 258 | 97.8
Springiness °-° 1.10E+01 143  1.10E+01 0.38 -0.47 103.7
(mm) 53 1.10E+01 041 1.20E+01 0.24 -3.33| 105.7
6.2 4.90E-01 0.08 1.10E-01 0.02 9.89*| 22.#
58 500E-01 0.09 4.80E-01 0.08 0.69 | 96.5
55 4.60E-01 0.08 6.00E-01 0.04 -2.38| 132.7
Cohesiveness5-3 550E-01 0.05 6.40E-01 0.02 -5.75| 117.6°
6.2 4.25E+03 948 620E+02 142 7.71*| 14.6
5.8 3.02E+03 423  2.74E+03 421 255 | 90.9
Gumminess 25 1.39E+03 397  151E+03 865 -0.42| 101.6
() 53 1.70E+03 687 2.13E+03 390 -1.68| 138.%1
6.2 5.34E+04 1091 7.46E+03 1893 8.72*| 13.¢
5.8 3.60E+04 4895 3.27E+04 5178 3.55 | 88.6
Chewiness 25 154E+04 5667 171E+04 1003 -0.67 | 102.4
(g.mm) 53 1.05E+04 8367 2.56E+04 4552 -2.06 | 146.8

Notes:X : mean, SD: standard deviatioh, t-value at the t-test of paired two
samples for means, (*P’<0.05 (two-tailed), the difference between mearuesl

before and after reforming is significant.

% Recovery values in same column with differenttelst show significant

difference for corresponding texture parameter betw different pH levels

(P<0.05)
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Table 4.4 Comparison of uniaxial compression test resul®48&ompression) before
and after reforming the cheese at different pH emluMeans are for replicates of 6
cheese making trials.

Cheese
Before reforming After reforming %
(Base) (Reformed) Recovery
Parameter pH X SD X SD t

6.2 8.86E+03 847 6.02E+03 868  27.1* 68.2

5.8 8.22E+03 597 5.87E+03 895  9.45* 71.2
Hardness 5.5 6.74E+03 613 557E+03 607  18.7* 82.8
() 5.3 5.30E+03 793 4.88E+03 987  0.95 93.8

Notes:X : mean, SD: standard deviatidnt-value at the t-test of paired two samples for
means, (*):P<0.05 (two-tailed), the difference between mearueslbefore and after
reforming is significant.

% Recovery values in same column with differentelst show significant difference for
corresponding texture parameter between differeinepels (P<0.05)

Table 4.5 Comparison of the degree of flow (DOF) measuredUwW-Melt profiler
before and after reforming the cheese at diffepéhtalues. Means are for replicates of 6
cheese making trials.

Cheese
Before After
reforming reforming %
(Base) (Reformed) Increase
Parameter pH X SD X SD t

6.2 3627 1.6 4321 1.1 -13.74 19.13
58 5021 1.2 59.75 1.3 -16.9% 19.00
DOE at 55 6446 5.1 70.93 6.5 -4.154 10.0%
55°C 53 7015 35 71.38 4.3 -1.21 1.75

Notes:X : mean, SD: standard deviatidni-value at the t-test of paired two samples for
means, (*):P<0.05 (two-tailed), the difference between mearueslbefore and after
reforming is significant.

% Recovery values in same column with differerntelst show significant difference for
corresponding texture parameter between differenepels (P<0.05)
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Table 4.6 Comparison of the dynamic moduli values (storagelufus: G'; loss modulus:

G") at 10°C before and after reforming the chedsdifterent pH values. Means are for

replicates of 6 cheese making trials.

Cheese
Before reforming %
(Base) After reforming (Reformed) | Recovery
Parameter pH X SD X SD t
6.2 3.77E+05 3.12E+04 2.50E+05 2.09E+04 20.0*66.3
5.8 3.80E+05 3.09E+04 2.61E+05 2.83E+04 64.8*68.7°
5.5 242E+05 2.66E+04 1.81E+05 1.06E+04  5.4474.8°
G'(Pa) 53 156E+04 3.46E+03 1.31E+04 1.77E+03  2.0384.0°
6.2 8.39E+04 1.46E+04 5.96E+04 4.25E+03 3.19*71.0%
5.8 9.08E+04 8.08E+03 6.34E+04 7.07E+03 38.3*69.8%
55 6.156E+04 3.97E+03 4.56E+04 2.90E+03 21.0%| 7412
G"(Pa) 5.3 3.97E+03 9.03E+02 3.44E+03 6.94E+02 0.65|86.6°

Notes:X : mean, SD: standard deviatidnt-value at the t-test of paired two samples for
means, (*)P<0.05 (two-tailed), the difference between meamniesilbefore and after

reforming is significant.
% Recovery values in same column with differentelst show significant difference for

corresponding texture parameter between differenepels (P<0.05)
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Figure 4.1 Buffering curves of cheeses made with differenbants of glucon@-lactone. Cheese homogenates were titrated
from initial pH to pH 3.0 with 0.5 N HCI and theadk titrated to pH 9.0 with 0.5 N NaOH. Area indKas the buffering area
due to the solubilization of colloidal calcium ppbsate with calculated areas given. Means are folicedes of 6 cheese

making trials.
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Figure 4.2 Photographs of cheese samples at different pHesdii2, 5.8, 5.5 and 5.3) before (base) and @é&trmed) reforming

and 2 wk of storage at 4°C.
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Uniaxial Compression
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Figure 4.3 Hardness results for cheeses before reformingejbasd after reforming
(reformed). Cheeses were made with different pidesbnd hardness was determined by
texture profile analysis at 62% compression (a) anxial compression test at 80%

compression (b). Means are for replicates of 6 sheeaking trials.



142

- 100
2
®
o
5 80
(@)
22
L O
52 60
E &)
<9
c
~.8 401
S 2
>
g 20-
(@)
(&)
()]
e
0 .

pH6.2 pH58 pH55 pH5.3
Cheese Type
Figure 4.4 Recovery (%) in hardness of the cheese samplesraforming in respect to

the hardness of the cheese base, as determinedidyiall compression test at 80%

compression. Means are for replicates of 6 cheedang trials.
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Figure 4.5Representative pictures taken after the uniaxiaipression test for the base and reformed cheaggdesawith pH values
6.2, 5.8, 5.5 and 5.3.
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Figure 4.6 The dynamic moduli values (measured at 10°C) @&fesb base made at

different pH values. Means are for replicates ohéese making trials.
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Figure 4.7 The dynamic moduli values measured at 10°C othemse samples made at
different pH values before and after reforming rstbat 4°C for 2 wk). Means are for

replicates of 6 cheese making trials.
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Figure 4.8 Recovery (%) in storage modulus, G' (a) and losslutus, G" (b) of the
cheese samples after reforming (stored at 4°C fok)2n respect to cheese base. Means

are for replicates of 6 cheese making trials.
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Figure 4.9 Representative dynamic moduli profiles @& and G"¥ ,A) as a function of
temperature during heating of cheese samples nigue .2 (a), 5.8 (b), 5.5 (¢) and pH
5.3 (d). Closed symbols represent cheese base wpda symbols are for reformed

cheese (stored at 4°C for 2 wk).
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Figure 4.10 Representative loss tangent values as a functioteroperature during
heating of cheese samples made at pH 6.2 (a),b5.&%.6 (c) and pH 5.3 (d). Closed

symbols represent cheese base while open symlsoferaireformed cheese (stored at 4°C
for 2 wk)



149

80.00

70.00 +

60.00 H

50.00 H

40.00

30.00 H

Degree of Flow at 55°C

20.00

pH 6.2 pH5.8 pH5.5 pH5.3
Cheese Type

Figure 4.11 Degree of flow at 55°C before and after the refogmf cheese made with

different pH values. Means are for replicates ohéese making trials.
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Figure 4.12 The percentage increase in the degree of flowhafese samples after

reforming at pH 6.2, 5.8, 5.5 and 5.3 as determmetdW-melt profile analyzer. Means

are for replicates of 6 cheese making trials.
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Figure 4.13 Melt profiles of cheese samples made at pH 6.2), pH 5.8 (V,A), pH 5.5 @,0) and pH 5.5 €,0) before and after
reforming (stored at 4°C for 2 wk). Filled symbal® for cheese base while the open symbols repgresfermed cheese. Means are

for replicates of 6 cheese making trials.
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Figure 4.14 Fusion of cheese made at different pH valuespkbp.2, (b) pH 5.8, (c) pH 5.5 and (d) pH 5.3. Baswas observed
between two slices of cheese after being storezbimiact for 1 week at 4°C. No pressure was apyhebws show the original
contact region for the slices). Scale barua®
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Chapter 5

IMPACT OF EMULSIFIERS ON THE TEXTURE AND MELTING
PROPERTIES OF REFORMED LOW-FAT AND FULL-FAT

CHEDDAR CHEESE

5.1.ABSTRACT

In this study, the use of different types of enfigss during the process for reforming
low-fat and full-fat Cheddar cheese was investigakgght different types of emulsifiers
at the 4% (w/w) level were added to cheese, pooreforming. These types included
anionic emulsifiers: citric acid esters of mono@gdes (CITREM), diacetyl tartaric acid
esters of monoglycerides (DATEM), sodium stearogttylate (SSL), zwitterionic:
lecithin and non-ionic: distilled monoglycerides M lactic acid esters of
monoglycerides (LACTEM), acetic acid esters of ngigoerides (ACETEM) and
sorbitan tristearate (STS). Control reformed chedse., made without any emulsifiers)
were prepared for both low-fat and full-fat chee$extural and rheological analyses
were performed on cheese bases and reformed chibesdwd been stored for 2 wk at
4°C. Dynamic rheological properties of cheese waeasured using small amplitude

oscillatory rheology during heating from 5 to 85°K&xtural properties were determined
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with Texture Analyzer. Melt properties were detered using UW-Melt-profiler. Use of
SSL reduced the hardness of low-fat cheese and madgy sticky and soft. The use of
CITREM, DATEM and STS appeared to have a strengtigeeffect on cheese texture.
DATEM and SSL exhibited significantly lower lossigeent maximum (suggesting poorer
meltability) during heating as compared to contaobleese. At low measurement
temperatures, except for STS, non-ionic emulsiftedsnot significantly alter the texture
of full-fat cheese; however, at high temperatutesese made with non-ionic emulsifiers
differed from control as they had improved meltigilUse of non-ionic emulsifiers
seemed to make low-fat cheese more prone to feacturing compression, except for
STS. The results of this study showed that thel lefiveheese fusion, and thus the textural

properties of the reformed cheese, can be modiiddthe use of emulsifiers.

5.2.INTRODUCTION

In the reforming process, cheese is broken downmprdces and then placed together
in a container or mold and pressed to reform tla@pehThe reformation of cheese occurs
due to the fusion of cheese particles via inteoasti between proteins on particle
surfaces. At some point during storage individdedase particles will disappear forming
a continuous cheese network. The interactions l@tweaseins in cheese are influenced
by many factors, such as, temperature, pH, iomength and Ca binding (Lucey et al.,
2003), and that in turn influences the reformapiéind fusion of the cheese protein, as
seen in our previous studies on cheese reformihgg{térs 3 and 4). Adjusting the level
of fusion between cheese particles during reformprgvides an opportunity to
manipulate the textural properties of cheese. Rstance, reforming a firm cheese can

soften its texture if all of the interactions anohds do not completely recover. One of
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the promising applications of this process coulddrsecheese with reduced and low-fat
contents. Reforming low-fat cheese creates discoitites in cheese matrix, which could
help alleviate some of the textural problems (esieesfirmness) caused by removal of
fat.

In this study, we investigated the impact of addirfterent types of emulsifiers into
cheese prior to the reforming process. Emulsifierge been used in many food systems
for various functions. Their major role is stahilig water and oil mixtures. In addition to
that they have been used for various applicatioch ss dough conditioning, antistaling,
whipping, dispersing, hydrating, inhibiting crydizdtion, antisticking, lubricating and
release agent in several foods (Hasenhuettl antelH4©97). Emulsifiers can interact
with proteins, thereby influencing the reformalil#nd texture of the cheese. Lucey et al.
(2008) showed that the addition of mono-diglyceside non-fat processed cheese
improved its textural properties and meltabilityhieh was attributed to possible
interactions between emulsifiers and caseins. ©iaerl molecular weight emulsifiers
could be preferentially adsorbed to the caseinshydrophobic regions, thus disrupting
hydrophobic association of the caseins and weagerasein-casein interactions.

Emulsifiers are amphiphilic molecules having botydiophilic head groups and
hydrophobic tails. Depending on their ionic chagacthey can be divided into three
classes; anionic, cationic and non-ionic. Chenstaicture of the emulsifiers selected for
our trials are given in Figures 5.1 to 5.4. Singeonic emulsifiers are not food grade, we
did not use them in our study. Some propertieb@femulsifiers used in our experiments

are given in Table 5.1.
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Caseins are also amphiphilic molecules having Iphitie and hydrophobic residues.
Therefore they could bind to the hydrophobic andirbghilic sites on emulsifiers.
Several possible interactions might occur in theesle matrix due to the addition of
emulsifiers (Hasenhuettl and Hartel, 1997). Onesidss interaction is casein-emulsifier
interactions through the binding of hydrophobic ahgdrophilic sites. Anionic
emulsifiers could also interact with caseins byrgbkanteractions. The second possible
type of interaction is emulsifier-emulsifier inteteons, where the monomer emulsifiers
interact with each other to form micelles or othgre of structures (e.g. mesophases).
The third possible type of interaction is protenofein interactions due to incompatibility
or phase separation.

Functionality of emulsifiers can be divided intadd main categories: (1) reducing
surface tension at oil-in-water (O/W) interfacesl @tabilizing the emulsion by forming
phase equilibria between O/W emulsifiers at therfate, (2) interacting with starch and
proteins in foods, which can modify texture andotbgical properties, and (3) modifying
crystallization of fats and oils (Krog and Lauridsd976). Adsorption properties of the
emulsifiers at interfaces determine their functldpand use for various applications in
food industry. Destabilization of fat with emulsgifs in ice-cream production is an
example to the competitive interfacial adsorptiépmtein and emulsifiers (Moonen and
Hans, 2004). Another example for competitive adsompof emulsifiers is the de-
emulsification of fat and oiling off in process eise with the addition of emulsifiers
(Zehren and Nusbaum, 1992). Emulsifiers can digpthe proteins from the interface
depending on their concentration and type, anditheunt of protein in the system. It has

been found that non-ionic hydrophilic emulsifiere anore effective than hydrophobic
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emulsifiers in displacing the proteins from intega (Chen and Dickinson, 1993).
Cooperative interfacial adsorption of protein anshutsifiers can also take place.
DATEM do not displace proteins much, but rathenfsra mixture of protein-emulsifier
film when the protein is bound to oil droplet swdaby both hydrophobic and
electrostatic forces (Dickinson et al., 1996).

Emulsifiers have been used in bakery productsdogér self life, improved texture
and better dough processing purposes. They promeationed improvements by
functioning as starch complexing, protein strengthg and aeration agent in dough.
Hydrophobic interactions between proteins and eifieils cause unfolding and
denaturation, enhancing the interfacial absorpsaod emulsion stabilization. Anionic
emulsifiers are commonly used as dough strengteefelg. SSL, DATEM). The
association of the hydrophobic groups of emulssfeend gluten incorporates the negative
charge into complex, which brings the pH up to liscic point of gluten, promoting
their aggregation and strengthening of the doughth® other hand, nonionic emulsifiers
disrupt the hydrophobic portion of the protein arduce dough viscosity and elasticity
(Hasenhuettl and Hartel, 1997).

Lee et al. (1996) suggested that anionic emulsif@an increase the net negative
charge of the proteins in cheese and therefore @emepulsion between caseins. The
use of emulsifiers in reduced-fat systems can imptbe rheological properties and they
might function as fat extenders (Flack, 1996). [@rak al. (1999) reported that use of
lecithin in reduced-fat process cheese improvedexsural characteristics, which were
partly attributed to the additional moisture retemtin the cheese. Lecithin has been used

as antisticking agent in process cheese (ZehreiNasdaum, 1992).
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The objective of this study was to investigate htbe addition of different types of
emulsifiers during reforming could influence thatteal properties of cheese. Since the
extent of reformation of cheese depends on the &ypk strength of the interactions
between caseins, incorporation of molecules thatldvanterrupt and modulate those
interactions will change the structure of cheesadpced after reforming. Emulsifiers
were selected for incorporation into cheese onbilas of different likely interactions
with proteins; by examining how different typeseashulsifiers impact reformed cheese
we can try to explain what type of interactions nmaye occurred between emulsifiers

and casein.

5.3. MATERIALS AND METHODS

5.3.1. Cheesemaking

Full-fat Cheddar cheese (aged over 60 days) wasingat commercially
(Tillamook Cheese, Tillamook, OR). Low-fat Chedddreese base was aged for 6
months at 4°C and was made using the procedurenshioivable 5.2. Pasteurized milk
having 0.4 to 0.5% fat content was pre-acidifiedotd 6.5 with citric acid. Milk was
inoculated with starter (DSM DELVO-TEC LL50) andjawkt cultures (Chr. Hansen’s
LH32). Annatto was added to color cheese (Chr. BlassCheese Color 2X). Double
strength chymosin (Chymax extra, Chr. Hansen’swislilkee, WI) was added to the milk
at 33°C. The coagulum reached sufficient firmndes &0 min and was cut with 0.95 cm
knives, allowed to heal for 5 min, and then gerithanually) stirred for 5 min before
cooking. Curds were then cooked to 34°C whileisgrifor about 15 min. Whey was
drained, and after the curd was matted, it wasirdot blocks, turned upside down and

stacked for about 30 min. When pH reached to 6&2ctrds were milled and rinsed with
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cold water. After salting (0.3% (w/w) of the weigbt the milk in the vat) curd was
pressed into hoops that were lined with cheesé ebot pressed for 2 h at 0.34 MPa and

vacuum sealed.

5.3.2. Cheese reforming

A food processor (Cuisinart, USA) was used fonding the cheese. 8 types of
emulsifiers were used: citric acid esters of moypoglides (CITREM), diacetyl tartaric
acid esters of monoglycerides (DATEM), sodium gighidactylate (SSL), lecithin,
distilled monoglycerides (DM), lactic acid estefsnoonoglycerides (LACTEM), acetic
acid esters of monoglycerides (ACETEM) and sorbitastearate (STS). Soy lecithin
was provided by ADM (Archer Daniels Midland Compaecatur, IL) while all other
emulsifiers were provided by Danisco (New Centlfgnsas). Physical and chemical
specifications of the emulsifiers are given in Eabll, as provided by the manufacturers.
For the low-fat cheese, 250 g of cheese was lotmidékde food processor after cutting
them into cubes. Grinding and mixing the emulsifiarere done in three steps; after 20
sec of initial grinding step, 10 g of melted (~78*C) emulsifier (4%, w/w) was added
slowly using a dropper over 60 sec while continuimgyrind the cheese and after a final
30 sec, grinding was completed. The ground cheesge then filled into polystyrene
cups (89 x 89 x 25 mm weighing dish, Fisher Scient{Fig. 5.5) and pressed at ~1 MPa
pressure for 1 h with a laboratory hydraulic préSarver Press, Wabash, IN). The
repressed cheese samples were then vacuum-paakéeldrfor 2 wk until analysis. The
reformation of the full-fat cheese was done sinylaxcept for grinding time, and
moulds used for reforming. The final 30s of grirglwas omitted since full-fat cheese

tend to clump together with the prolonged grinditmpes. Instead of plastic cups,
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syringes were used to reform the cheese and thiegalirequire any further pressing. A
control reformed cheese was prepared for bothfétilland low-fat cheese where no

emulsifiers were added during grinding and refoignin

5.3.3. Compositional Analysis

Milk samples were analyzed for total solids, faitpin, and casein (Marshall,
1992). The total solids, fat, protein and pH ofetewere determined (Marshall, 1992).
The salt content of the cheese samples measuneg @srning Salt Analyzer (Marshall,
1992) and the total calcium content was analyzedbyctively-coupled Argon plasma
emission spectroscopy (ICP) (Choi et al., 2007 ¥fding index of cheese samples was

determined using acid-base titration method asritestby Hassan et al. (2004)

5.3.4. Textural analysis

A TA.XT2 Texture Analyzer (Stable Micro Systems, daéming, Surrey, UK)
with a TA-25 probe (50 mm diameter) and TA-90A fidte was used for texture testing.
Cylindrical cheese samples having 16 mm diametdr 1ah5 mm height were cut and
kept overnight at 4°C in sealed plastic bags godhe analysis. Texture Profile Analysis
at 20% compression and uniaxial compression tesBO& compression level was
performed on cheese samples at 4°C. Texture pagesneere calculated as described by

Bourne (2002).

5.3.5. Melt profile analysis

Melt Profile Analysis was performed using the UW livierofiler developed by
Muthukumarappan et al. (1999). For melt analysiindrical cheese samples having 30

mm diameter and 7 mm thickness were cut with careibcylinders and held overnight
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at 4°C in sealed plastic bags. Cheese samplesplaazed in the melt profiler oven held
at 72°C immediately after taking samples out ofréfegerator (at 4°C). A thermocouple
was inserted in the center of the cheese disc lagal placed between two aluminum
plates having a dry film lubricant and a layer dfsprayed on them. Decrease in cheese
height during melting was measured over 15 min byinaar variable differential
transformer, which was connected to the top paegree of flow (DOF) was calculated
as the percentage decrease in the original chesglet tvhen cheese temperature reached

55°C.

5.3.6. Rheological Analysis

Rheological properties were determined using a Pagsica (UDS 200, Physica
Messtechnik GmbH, Stuttgart, Germany) controllegtsst rheometer, with a serrated
parallel plate geometry. Cheese disks of 50 mm efiamand 3 mm thickness were cut
out with a cylindrical stainless steel cork boreonfi the 3 mm thick cheese slices
obtained using a meat slicer. Cheese discs weredbaled in plastic bags and held at
4°C overnight prior to the testing. When loadingnpées, in order to maintain good
contact between plate and cheese, the upper pttdowered onto cheese not to exceed
a normal force of 2 N and then sample was allowedetax for about 15 min to a
relatively constant normal force reading of ~0.&&fore starting the test. A thin layer of
vegetable oil was applied around the cheese samplieevent moisture loss. Rheological
properties of cheese were evaluated with an apptmgh of 0.2% and a frequency of 0.1
Hz. Temperature sweeps were performed from 5 t&€ &i°the rate of 1°C/min. Storage
modulus (G'), and loss tangent (LT) were the patarealetermined from dynamic small

amplitude oscillatory shear rheology tests.
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5.3.7. Statistical Analysis

Statistical analysis was performed using SPSS (SR&s$on 13.0). Analysis of
variance (ANOVA) was performed to determine theeelf of different types of
emulsifiers on the composition and textural prapsrtof cheese base and reformed
cheese samples at@O5 significance level. Differences between meaase analyzed

using Tukey’s method for multiple comparisons ofame

5.4.RESULTS
5.4.1. Milk and cheese composition

The chemical composition of cheese milk used fa& mhanufacturing of low-fat
cheese samples, and composition of the low-fat falidat cheese before, and after,
reforming are given in Tables 5.3 and 5.4. Lowefa¢ese samples had higher protein and
total calcium than the full-fat cheese samples tudheir higher protein: fat ratio.
Addition of emulsifiers increased the fat contehalb cheese samples by ~3% due to the
contribution of lipids from EM (Table 5.3 and 5.4)here was a significant decrease in
the pH of low-fat cheese with the addition of enfidss (Table 5.5). Cheese samples
reformed with DATEM had the significantly lowest pidr both low-fat and full-fat
cheese. Both for the low-fat and full-fat cheesmtml had relatively higher buffering
capacity (Figures 5.6 and 5.7). We were not abldetermine the buffering capacity of

lecithin added full-fat cheese due to the limiteabant of sample.

5.4.2. Visual attributes

Pictures of low fat cheese samples reformed wighattidition of different emulsifiers

are given in Figures 5.8 and 5.9. All cheese sasnpdééormed well enough to hold
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together as a single mass. DATEM and DM formed evispots that were scattered
throughout the low-fat cheese samples probably usecaf the white color of those
emulsifiers. In addition they also could have beeldified before completely adsorbed

in cheese.

5.4.3. Texture properties

The uniaxial compression profiles of both low-fatdafull-fat cheese before, and
after, reforming without the use of emulsifiers ritol) are shown in Fig. 5.10. The
texture analysis results are presented in Table®ddoFig. 5.11 for full-fat cheese and in
Tables 5.7 and 5.8 and Figures 5.12 and 5.13 foiféd cheese samples before and after
reforming with different types of emulsifiers.

Control

Full-fat and low-fat Cheddar cheese exhibited défees in their reforming behavior
as reflected by their recovery in their texturegentdies after reforming. After reforming a
dramatic decrease was observed in the hardnessl-fditf cheese without emulsifiers as
measured by uniaxial compression test (Fig 5.1@)tH@ other hand, reforming the low-
fat cheese in the absence of emulsifiers increiséardness (Fig 5.10).

Non-ionic emulsifiers

Except for STS, the addition of non-ionic emulsdiereduced the hardness of
reformed low-fat cheese compared to the controld@srmined at 80% compression).
The addition of STS did not change the hardnessevalf low-fat reformed cheese
measured at 80% compression. However, at lower cesspn levels, e.g. 20%
compression, cheese reformed with STS and DM hgldehihardness than the control,

which was similar to the cheeses reformed with rottwa-ionic emulsifiers (Table 5.8).
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Low-fat cheese made with DM had significantly highwetial slope than other treatments
and visible fracture could be observed in the umlagompression curves (Fig. 5.8),
which probably resulted in a low hardness value wheasured at high compression
levels. Since fracture occurred above 20% compyesshe TPA results (Table 5.8)
(performed at 20% compression) indicated that cheesde with DM were harder than
the control.

For full-fat cheese, the addition of non-ionic esifigrs did not change the hardness
as determined at 80% compression except for STBI€Ta.6); STS increased the
hardness of reformed full-fat cheese compareddatmtrol.

The adhesiveness force obtained at 80% compressisrsmaller for low-fat cheeses
made with DM and LACTEM, while low-fat cheeses madéh ACETEM and STS had
similar adhesiveness to the control (Table 5.7).hesiveness obtained at 20%
compression was smaller than the control for ali-lemic emulsifiers in low-fat cheese
(Table 5.8).

The full-fat cheese samples made with ACETEM and W&te more adhesive than
the control while STS and LACTEM were similar t@ ttontrol cheese (Table 5.6).

Anionic emulsifiers

CITREM did not change the hardness of low-fat chkeas measured at 80%
compression while SSL and DATEM resulted in lowatues than the control (Table
5.7). However, measurements at 20% compressioneshtivat CITREM and DATEM
increased the hardness significantly while use&if 8duced it (Table 5.8). The reason

for the low force response of cheese reformed WRTEM at 80% compression was
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due to the occurrence of fracture (Figures 5.11583 Cheese made with DATEM was
actually the hardest sample but it was also veittidor

Hardness of the full-fat cheese as measured at @d%fpression increased with the
use of CITREM, while SSL and DATEM were similardontrol (Table 5.6).

DATEM and CITREM appeared to make the low-fat cleessiffer (Table 5.8).
However they exhibited quite different texturesnfreach other. DATEM produced
cheese that was stiff but very brittle and crumbiy,other terms cheese made with
DATEM was short in texture. Cheese made with CITREfsl also stiff but did not
exhibit a brittle structure. Figure 5.14 shows gies of the reformed low-fat cheese
samples after compression by the uniaxial comprastst. As seen in the deformed
cheese pictures, DATEM collapsed into pieces duésteery brittle texture (Fig. 5.14).
SSL was the softest cheese, and it showed a vistEfosmation by not regaining much
of its original shape — it was almost completebtténed out by the compression (Fig.
5.14).

Use of SSL dramatically increased the adhesivefugse (at 80% compression) of
the low-fat cheese (Table 5.7). While cheese redorwith CITREM was similar to
control, DATEM greatly reduced the adhesivenesl@®.7). Adhesiveness values as
obtained at 20% compression (Table 5.8) were alsgieement with results obtained at
80% compression except for CITREM, which had a cediadhesiveness as compared to
control.

For the full-fat cheese, adhesiveness force wakehithan the control for cheese
reformed with DATEM, and the other anionic emuksi§ remained same as the control

(Table 5.6).
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The use of SSL and DATEM made low fat cheese lpssigy (Table 5.8), while
CITREM cheese remained the same as the control-fabwheese with DATEM was
less cohesive then the control (Table 5.8). SSuged the gumminess and chewiness of
low-fat cheese greatly as compared to the confable 5.8).

Zwitterion emulsifiers

Low-fat cheese reformed with lecithin showed simiardness to the control at 80%
compression (Table 5.7), while it was harder at 20¥pression levels (Table 5.8).

Full-fat cheese reformed with lecithin was softeart the control at the 80%
compression (Table 5.6). Adhesiveness force wasehifpr full-fat cheese with lecithin.

For low-fat reformed cheese made with lecithin Vess adhesive (Table 5.8).

5.4.4. Rheological properties

Changes in G’ and LTmax values during heating fbto 85C for both low-fat and
full-fat cheese, before and after reforming, withthe use of emulsifiers (control), are
shown in Figures 5.15 and 5.16. The rheologicap@ries are presented in Table 5.9 and
Figures 5.17 and 5.18 for full-fat cheese and ihl@®.10 and Figures 5.19 and 5.20 for
low-fat cheese samples.

Control

In reformed full-fat cheese samples, a shoulder alzserved in the G’ profile at
around 20°C, which was absent in the profile ofesleebase before reforming (Fig 5.15).
The difference between the G’ of the low-fat cohtibeese before and after reforming
was not as large as the difference observed fofulhéat control cheese before and after
reforming (Tables 5.10 and 5.9, respectively). Carag to the base, reformed control

low-fat cheese did not show any significant differe in the G’ values at 8 or 40°C,
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while the G’ values at 8 or 40°C of the reformeli-fiat cheese were lower than the base
cheese (Fig. 5.15). There was a decrease in LTvalwe of both the control low and
full-fat cheese after reforming (Fig. 5.16).

Non-ionic emulsifiers

The G' values at 8°C of the full-fat cheese sampifsrmed with non-ionic
emulsifiers was similar to the control except foeese made with STS (Table 5.9). Full-
fat cheese made with STS had higher G’ values@itc8tpared to the control reformed
cheese. At higher measurement temperatures, rerehffes were observed between the
G' values of the full-fat cheeses reformed with-ramc emulsifiers and the control.

In the case of low-fat cheese, the G' values atv88(e higher for cheese made with
DM, and similar to the trend for full-fat cheeseesh the addition of STS gave higher G'
values (Table 5.10). At a measurement temperatud®, the G' values for DM were
higher than control cheese, while at 70°C all rmme emulsifiers had higher G' values
than the control low-fat cheese.

Full-fat cheese reformed with LACTEM and ACETEM éited higher LTmax
values than the control cheese, while other nomeiemulsifiers had similar LTmax
values to the control (Fig. 5.18).

For the low-fat cheese, the control had higher LXmalues than the cheeses made
with all non-ionic emulsifiers, except for STS, whiexhibited a similar loss tangent
curve to the control cheese (Fig. 5.20). At higmperatures (e.g. 70°C) low-fat cheeses
made with all the non-ionic emulsifiers exhibiteigher G' values than the (Tables 5.9
and 5.10).

Anionic emulsifiers
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The G' values at 8°C of the full-fat cheese refatméth DATEM were lower than
the control, and as the temperature was increas@@°C the G' values became higher
than the control (Table 5.9). All anionic emulsifgeduced the LTmax of reformed full-
fat cheese compared to the control (Fig. 5.18).

For low-fat cheese, the use of SSL or CITREM inseehthe G' values of cheese at
8°C; while at 40°C all anionic emulsifiers exhiditaigher G' values than the control
cheese. The G' values at 70°C of the low-fat cheese higher than the control for all
emulsifiers except for CITREM, which had larger v@lues at 70°C than the control
cheese (Table 5.10). The LTmax values of the lawcleeese reformed with SSL and
DATEM were lower than the control, while the LTmaithe cheese with CITREM was
similar to the control (Fig. 5.20).

Zwitterion emulsifiers

Full-fat cheese samples reformed with lecithin bited a lower LTmax than the
control (Fig. 5.18). The G' values at 8 °C wereilginto the controls for both low-fat and
full-fat cheese made with lecithin; however at 70 G' values became significantly
higher (Tables 5.9 and 5.10). Loss tangent praffleeformed low-fat cheese was not

influenced by the addition of lecithin (Fig. 5.20).

5.4.5. Melting characteristics

There were no differences in the DOF (at 55°C)eddbrmed low-fat cheese made
without emulsifiers compared to their respectivadsa while a decrease in DOF was
observed after reforming (control) of full-fat @dse (Fig. 5.21 ). Degree of flow (DOF)

values at 55°C obtained by UW melt-profile analyfar low-fat and full-fat cheese
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before and after reforming with and without the iidd of emulsifiers are presented in
Table 5.11.

Addition of emulsifiers to low-fat cheese did ndtange the meltability of the
reformed cheese as determined by UW-Melt profieg.(5.22 ).

Addition of emulsifiers to reformed full-fat cheegaproved meltability; non-ionic
emulsifiers showed a greater degree of flow thanahionic ones and lecithin had the

greatest meltability (Fig. 5.23 ).

5.5.DISCUSSION

5.5.1. Composition

There was a decrease in pH with the addition oflsifrers to low-fat cheese
whereas for full-fat cheese only DATEM reduced pivé (Table 5.5). However, low-fat
cheese had a much higher protein and calcium cootempared to full-fat cheese, which
should have produced greater pH buffering (wherdiacemulsifiers were added).
Decrease in pH with the addition of DATEM was atdiserved by Salim (2009) when it
was added to process cheese. DATEM has a low @) (e to its free carboxyl group
(Krog, 1997). The pH of the DATEM we used was 3d jt reduced the pH of the cheese
significantly. Titration results showed that, bditr the low-fat and full-fat cheese,
control had relatively higher buffering capacityath cheese samples reformed with
emulsifiers (Figures 5.6 and 5.7), which could cade that the addition of emulsifiers

might have solublized some of the insoluble Ca@ased with caseins.
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5.5.2. Control

Reforming the control full-fat cheese created gdardisruption in cheese structure
than reforming the control low-fat cheese as shbowrgreater fracture, lower hardness
(Fig. 5.10), and lower G' values (Fig. 5.15). Oalyout 20% of the milk fat is in solid
state at 20°C (Shukla et al., 1994). Liquid fatcheese could have helped to coat the
surfaces of cheese particles of the ground ch@ése fat coating around cheese patrticles
could prevent the fusion of the cheese particlethatcontact surfaces of the cheese
granules, as fusion of the cheese occurs througgircanteractions.

For the low-fat cheese, the G' values at 8°C (Talde) and hardness values obtained
at 20% compression did not change after reformiraple 5.8). However, there was an
increase in the hardness of low-fat cheese afttarming as determined at 80%
compression (Table 5.7). The lower hardness ofctieese base at high compression
could be due to its fracture (Fig. 5.10). Low-faeese was 6 m old. Several studies have
shown an increase in brittleness with age due tbeplysis (Rosenberg et al., 1995;
Watkinson et al., 2001; Lucey et al., 2005). Gnwgdithe low-fat cheese and then
reforming probably removed any localized brittlendsy creating a smoother, more
homogenous cheese. The reason for the formatiannodre homogenous cheese texture
after reforming aged cheese could be the bettegae@ation and fusion of the caseins
that are already broken down into smaller fragmeues to proteolysis. Results (Figures
5.10 and 5.15) showed that the bonds and interecbetween caseins were restored to a
greater extent in low-fat cheese compared to &illeheese. Low-fat cheese is a simpler

system of mostly protein and water. Liquid fat detg in full-fat cheese would be
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disrupted and mixed throughout the cheese havingegative impact on fusion
throughout the protein matrix.

There was a decrease in LTmax after reforming timtrols for both low-fat and full-
fat cheeses (Fig. 5.16) indicating a lack of mopilof the protein matrix at high
temperatures compared to cheese base (Fig. 5.p@aréntly, grinding and reforming
the aged cheese samples modified the texture oflitbese in a way that permits more
protein aggregation at high temperatures with ticegiase in hydrophobic interactions. In
process cheese, greater protein aggregation edcaleaming and this process results in

reduced meltability (Shirashoji et al, 2010).

5.5.3. Non-ionic emulsifiers

For most non-ionic emulsifiers there was no sigatfit change in hardness when they
were added to reformed full-fat cheese (Table Sl@jeractions between non-ionic
emulsifiers and proteins could be weak due to tse@ace of charged groups on this type
of emulsifiers (Krog, 2004).

In the case of full-fat cheese, non-ionic emulssierould likely have dispersed in the
fat phase due to their low HLB value, rather thateracting with proteins. Therefore,
non-ionic emulsifiers were unlikely to have a véayge impact on the cheese network
formed after reforming.

However, in low-fat cheese due to the great redocin fat content, emulsifiers
might have more opportunity to interact with pratgibut since the interactions between
those non-ionic emulsifiers and proteins were phbbpaveaker than the interactions

formed between proteins after reforming, low-fagese containing emulsifiers fractured
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more readily at higher compression (Fig. 5.12) ltegyin lower hardness values (Table
5.7).

STS exhibited a different trend than the other iwonme emulsifiers. Cheese samples
reformed with STS seemed to have a firmer structiv@@ the control for both full-fat
(Fig. 5.11 and Tables 5.6 and 5.9) and low-fat sb€€ig. 5.13 and Tables 5.8 and 5.10).
Apart from its ionic character, the molecular stame and the interaction properties of
STS might play a role in its behavior in cheeseS $&n self-associate and form dynamic
networks (Rehage et al., 2002). Strong attractiteractions between the STS molecules
lead to a two dimensional self-association procesgntually forming a viscoelastic
network. This self-association behavior of STSttslauted to van der Waals attractions
between the three long paraffin chains attachedh& sorbitan, in addition to the
hydrogen bonding and strong hydrophobic interasti(lRehage et al., 2002). This self-
association ability of the STS might have contmouto the strengthening of the cheese
structure formed after reforming by developingrarsg viscoelastic network to help hold
cheese particles together.

Compared to the control cheese there was an irecrieameltability of the full-fat
cheese reformed with the addition of all typesrotiksifiers. Full-fat cheese exhibited the
highest DOF with the addition of non-ionic emulsig (Fig. 5.23 ). In a study on milk
based composite gels, when Tween 80 was addestrgebth did not change as much as
the case when fat was stabilized by the proteinscemulsifiers (Xiong and Kinsella,
1991). It was suggested that Tween 80 displacedotbins from the fat membrane
making the fat phase unable to interact with proteatrix therefore fat globules behaved

like plasticizers during shearing (Xiong and Kirgell991). Although the full-fat cheese
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was not made of homogenized milk, the interactiberoulsifiers with fat phase could
still cause a greater weakening in cheese matrikiglt temperatures. At the high
temperatures interactions between the emulsifiedsveith fat and proteins might have
promoted the flow of the cheese either by promoéimdasticizing effect of fat or causing
greater dispersion of proteins.

We did not observe any difference in meltabilityantemulsifiers were added to low-
fat cheese compared to control (Table 5.11), howavsignificant decrease in LTmax
values was observed with the addition of most effireris (Fig 5.20).

In full-fat cheese non-ionic emulsifiers did nothéxit a decrease in the LTmax
values as compared to control (Fig. 5.18). Thida&be due to the interaction of nonionic
emulsifiers with the fat phase rather than theenst

The reason of the different trends between melfilpranlaysis results and loss
tangent values could be due to differences inithe tourse and temperature of the two
tests. The LTmax values occurred at the range @b &®°C during heating at the rate of
1 °C/min while flow/melt monitored until the cheessmples reached around 63°C within
a 15 min of heating period in an oven at constamiperature (72°C). The faster heating
regime and the weight of the upper plate could hawesed more flow of the cheese in
the melt profile analysis test especially in thegence of liquefied fat (lubricated) while
that same cheese exhibits a low LTmax. The slowpé&sature ramp under non-
destructive conditions might have allowed greateerd of hydrophobic interactions in
cheese samples with added emulsifiers, promotiegtgr hydrophobic aggregation of

the proteins.
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5.5.4. Anionic emulsifiers

Anionic emulsifiers were more effective in changthg overall texture properties of
the cheese than other emulsifiers after reformm@neicated by the greater decrease in
LTmax values with the use of anionic emulsifiersg(F5.18 and 5.20) and from the
texture profile analysis results (Table 5.8). Ancoamulsifiers probably had a stronger
interaction with caseins via their charged grousionic emulsifiers can interact with
proteins through ionic bonds, hydrophobic inter@atsi and hydrogen bonds (Giroux and
Britten, 2004) therefore they can alter the strggtyhysico-chemical and rheological
properties of cheese. A general model to descridve dnionic emulsifiers interact with
globular whey proteins was previously publishechék) 1975, 1983; Oakes, 1974), and
this model suggests that there could be three st&gmecific binding’, ‘non-cooperative
binding’ and ‘cooperative binding’. In the first g&g the emulsifier binds with specific
sites on the surface of the protein. lonic bondy tv& formed between the negatively
charged groups of the surfactants and the catiamimo acid residues of the protein.
Hydrophobic interactions may take place betweenratiphatic chains of the emulsifiers
and the non-polar protein surface regions. Hydrdgends may potentially be formed
between the oxygen groups of the emulsifiers amdnitrogen groups of the peptide
linkages (Lundahl et al., 1986). In addition, thetpin structure can be modified as a
result of either electrostatic repulsion or the giemtion of hydrophobic parts of the
emulsifier to the hydrophilic regions of the proteand finally saturation of all potential
binding sites on the protein.

Caseins possess a net negative charge at the phkese (pH 5.6). Association of

anionic emulsifiers to caseins should increaseameunt of negative charges in the
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system (Lee et al., 1996). An increase in the nurobeegative charges would increase
the electrostatic repulsion between the caseinsipdwva et al. (2001) showed that Na-
caseinate exhibited a slight dissociation whentécavith CITREM as indicated by the
decreased value of the weight average molecularghveand increase in the
hydrodynamic radius and they suggested that ttssodiation might be due to the
repulsion between similar charges and close-spatedged groups of the added
CITREM molecules. Addition of CITREM to cheese wheforming might have caused
swelling of casein particles. Swelling of the casparticles would enlarge the contact
area at contact surfaces during reforming andrthgiit have lead to stronger interactions
between caseins. That was presumably the reasahddrigher hardness of both full-fat
and low-fat cheeses reformed with CITREM as congéwecontrol (Table 5.6 and 5.7).

The LTmax values of the cheese reformed with CITRE&te similar to control for
the low-fat cheese, while in full-fat cheese a dase was observed, which could be due
to lower protein content and presence of fat i-fatl system. CITREM exhibits self-
association. CITREM can form stable emulsions ityh orientation above melt point
in liquid phase as all esters of dicarboxylic acarboxylic acids and monoglyserides
show a high degree of long-range order in the rdedtate (Krog, 2005). They show this
tendency towards thermotropic mesomorphism duééostrong molecular interactions
between participating polar groups. This self-asgmn behavior may help create a
strong and viscoelastic network supporting a steoreeese structure when added during
reforming. DATEM on the other hand do not exhib#&somorphism (Krog, 2004).

The addition of DATEM resulted in a firm reformeldegse structure as indicated by

high hardness (Table 5.8) and G' values (Tablesab®5.10) values, however, it was
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brittle unlike cheeses made with the CITREM. Thess a decrease in pH from 5.3 to
5.0 in cheese samples reformed with DATEM, whiclgihthibe the reason for the brittle
texture and low LTmax values as the mobility of {htein bonds and interactions
decrease, along with cheese texture becomingebattipH< 5.0 (Lucey et al., 2003).
DATEM can form hydrogen bridges with the amidic gpe on gluten proteins (Greene,
1975). When the hydrophobic emulsifier moieties everiented to the non-polar side
chains of the proteins, DATEM can form an interncalar matrix via hydrogens. This
suggests that there might be some possibility ef fitrmation of hydrogen bridges
between DATEM molecules and caseins, hence re-@nfpthe casein matrix structure
and causing the observed increase in hardnesse(ba)l

SSL reduced the hardness of low-fat cheese (Fidau¥Es and 5.13) and created a
pasty cheese structure as indicated by the laggease in adhesiveness (Table 5.8). SSL
is more hydrophilic (HLB value=17) than CITREM aBdTEM. SSL can form strong
interactions with proteins (Boutte and Skogers@@©4). Lactylates interact strongly with
proteins in at least two ways. The stearic acidetyois believed to form hydrophobic
bonds with non-polar regions on the protein. Thaey also be ion-pairing interactions
between carboxylic portion of the lactylate andrgled amino acid residues (Boutte and
Skogerson, 2004). If the binding between lactylaisd proteins is strong enough and the
hydrophilic head group is large enough to sterycalluce conformational changes, these
emulsifiers can disrupt the native structure ott@ro(Nylander et al., 1997).We presume
that this mechanism was responsible for why SSLdisiptive effect on low-fat cheese
protein matrix, given its use weakened the cheesetlae body became soft and pasty

due to the weakening of the interactions betwesmina.
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In the presence of fat in cheese, SSL did not affechardness after reforming. This

could be due to relatively lower protein contentrdd full-fat cheese.

5.5.5. Zwitterions

Lecithin has both acidic and basic groups and behas a zwitterion (Knightly,
1989). Low-fat cheese samples reformed with lecitiere harder and less adhesive than
the control (Table 5.8). In contrast to low-fat ebe, use of lecithin in reforming full-fat
cheese reduced its hardness and made it more eglhlean the control (Table 5.6). This
could be due to lower protein content of full-féeese and interactions of lecithin with
fat. Drake et al. (1996 and 1999) have also fourat there was a decrease in the
hardness of the reduced-fat cheese when lecithinused. On the other hand, Lee et al.
(1996) reported that process cheese samples mdadéewaithin had similar hardness, G'
values and viscosity to the control. They relatad to the fact that lecithin did not alter
the net charge of the system. Differences betwé&reht studies could be due to wide
variation in the composition of different type etlthins (Bueschelberger, 2004).

A dramatic increase was observed in the meltabdityfull-fat cheese made with
lecithin while reformed low-fat cheese with lecitthad similar meltability to the control
(Table 5.11). Lecithin has been used for improving texture of reduced fat cheese
(Drake et al., 1999) due to its fat extending dfféteraction of lecithin with fat could
provide a greater lubrication affect when the ches$eated.

The G' values of both low-fat and full-fat cheessravhigher than the control at 70°C,
indicating a strengthening of the cheese matrixmbX values of both cheeses with
lecithin were lower than the control (Table 5.9 a@md0). This could be due to the

increase in hydrophobic interactions as the cheeseheated.
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5.6. CONCLUSIONS

Addition of emulsifiers influenced the reformabjlibf the cheese and altered the
textural and rheological properties depending @ntyfpe and molecular characteristics of
the emulsifier. The emulsifiers added during refimigrthe cheese resulted in differences
in the textural and rheological properties betwidhfat and low-fat cheese especially
for the melting properties and this was particylamie for the non-ionic emulsifiers.

In general, anionic emulsifiers were more effectivehanging the texture properties
of the cheese, probably due to their stronger acteon with caseins via their charged
groups. The negative charges of the anionic enmeiisitould increase the electrostatic
repulsion between caseins and thereby make thesetsdfer. CITREM and DATEM
increased the firmness of the reformed cheese. WeaWeSSL, although an anionic
emulsifier, formed the softest and stickiest chaeshe absence of fat presumably due to
the high HLB value of SSL.

This study demonstrated that emulsifiers can aheese fusion during reforming and
change the textural properties of the reformed sheelepending on its type and

molecular characteristics.
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Table 5.1 Physical and chemical properties of emulsifiess feovided by manufacturers: Danisco, New CentKs, ADM Inc.,

Archer Daniels Midland Company, Decatur, IL)

Emulsifiers

Physical/ chemical specifications

Anionic

Citric Acid Esters of Monoglycerides
(GRINDSTED® CITREM N 12 VEG KOSHER)

Di-Acetyl Tartaric Ester of Monoglycerides
(PANODAN® FDP K)

Sodium Stearoyl Lactylate
(GRINDSTED® SSL P 55 VEG)

Citric acid
Acid value

Saponification value

lodine value

pH of aqueous dispersion (5%

Dropping point
Form

Saponification value

Acid value
lodine value
Dropping point
Form

Ester value
Acid value
lodine value

Lactic acid content

Sodium content
Melting point
Form

min. 12%
10-25
220-250

max. 3

5-6

approx. 64°C
coarse powder

380-425
62-76

max. 3
approx. 56°C
powder

150-190
60-80

max. 2
31-34%
3.5-5.0%
approx. 50°C
beads
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Non-ionic

Acetic Acid Esters of Monoglycerides
(GRINDSTED® ACETEM 50-00 P KOSHER)

Distilled Monoglycerides
(GRINDSTED® PS 211 K-A)

Lactic Acid Esters of Monoglycerides
(GRINDSTED® LACTEM P 22 K-A)

Sorbitan Tristearate
(GRINDSTED® STS 30 KOSHER)

Degree of acetylation
lodine value

Acid value
Saponification value
Dropping point

Form

Monoester content
Free glycerol
F.F.A.

lodine value
Dropping point
Form

Lactic acid content
lodine value
Saponification value
Acid value

Free glycerol
Melting point

Form

lodine value
Saponification value
Hydroxyl value

Acid value

Melting point

Form

0.5

max. 2

max. 2
approx. 285
approx. 40°C
plastic

min. 72%
max. 1.5%
max. 2%
25-30
approx. 60°C
beads

20-25%
max.2
270-300
max. 4

max. 1%
approx. 44°C
beads

max. 2
176-188
66-80

max. 7
approx. 55°C
beads
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Zwitterion

Lecithin (soy lecithin) Moisture (%)

™ . Color, Gardner
(BEAKIN T LV3 Lecithin) Acetone insolubles (%)
Acid value (mg KOH/q)
Hexane insolubles (%)
Viscosity (Stokes @77°C)
Effective HLB
Form

0.22

12

32.94

16.1

0.025

2.8

approx. 2
transparent liquid

Note: Lecithin was obtained from ADM while all othemulsifiers were obtained from Danisco
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Operation Time (min) °C, pH, TA
Milk - 0.40 to 0.50 % Butterfat 1678 kg TA 0.16
pasteurized at 73°C for 19 s 0.45% fat pH 6.64
Preacidify Milk -30 min Temp 6°C
pH targe6.50 pH 6.5
Dilute citric acid 4.1 with water ~2900g g diéuacid
Add Starter Culture 0 min Temp
DSM DELVO-TEC LL50 DSF TA 0.18
381¢ pH 6.50
Add Culture Adjunct 0.44 g/100 kg milk 95¢g
Chr. Hansen’s LH32
Add Double Strength Annatto 0 min
Chr. Hansen’s Cheese Color 2X 105 ml
Add Coagulant 30 min Temp 33°C
Chr Hansen Chymax Extra 142 g pH 6.45
Cut @ 50 min 80 min TA 0.13
1.3 cm knives pH 6.40
Start Cook 90 min Temp 33°C
Reach Cook Temp of 34°C 105 min Temp 34°C
whey-pH 6.30
curd-pH 6.10
Drain @ 5 min 120 min
Cut, Turn, and Stack 2 High 135 min TA
pH targe6.20 curd-pH 6.05
Mill 165 min TA
pH targe6.90 curd-pH 5.90
Cold Water Rinse 170 min
Rise curd for 15 seconds, no hold
Add Sodium Chloride 190 min curd-pH
1702 g/453 kg milk 6295 g g NaCl
Hoop 210 min curd-pH 5.65
Press in @ 220
2 hr in the horizontal press @0.03 MPa out @ 340curd-pH 5.35
Leave @ Room Temp Until pH 5.35 curd-pH 5.35
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Table 5.3Chemical composition of the cheese milk and lotvefeeese before and after

reforming

Milk
Total solids, % 9.26
Fat, % 0.34
Casein, % 2.68
Protein, % 3.44
Casein:Fat ratio 7.94

Cheese

Before reforming After reforming
Moisture, % 53.47 £ 0.63 54.2+0.84
Fat, % 4.39 +0.53 7.08 £ 0.58
Protein, % 33.83+1.18 31.15+0.50
Salt, % 1.98 +0.16 -

Total Ca, mg/100g cheese 923 £42 -

Table 5.2 Chemical composition of the full-fat cheese befamd after reforming

Before reforming After reforming
Moisture, % 34.71 £ 0.58 34.00 £ 0.89
Fat, % 32.09 £ 0.7 35.71+15
Protein, % 23.4+0.19 21.08 £+0.51
Salt, % 1.63 £ 0.06 -

Total Ca, mg/100g cheese 658 +19 -
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Table 5.5pH values of the low-fat and full-fat cheese aftforming

Treatment pH
Low-fat cheese Full-fat cheese
CONTROL 5.34 + 0.02° 5.34 + 0.04°
Non-ionic
ACETEM 521 + 0.05° 5.30 £ 0.04°
LACTEM 521 + 0.06° 528 + 0.01"
DM 520 + 0.05° 523 + 0.01°
STS 521 + 0.10° 5.37 +  0.04°
Anionic
DATEM 508 + 0.03° 504 + 0.01%
CITREM 5.15 + 0.01% 530 + 0.02°
SSL 519 + 0.06" 533 =  0.05°
Zwitterion
LECITHIN 520 + 0.00° 529 +  0.02"

#¢Means with different superscript letters withinaumn are significantly different
(P<0.05).
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Table 5.6Uniaxial compression test results of full fat cbe®efore reforming (base) and after reforming waremulsifier (control)

in comparison to reformed cheese made with thetiaddf different types of emulsifiers. Means ape tiwvo replicates.

Compression area
(9.%)

Adhesiveness force Adhesiveness area
(9) (9-%)

3.63E+05 + 5.E+03'

-3.0E+03 + 1.E+01? -9.1E+03 + 14

1.57E+05 + 4.E+03°

8.3E+02 + 2.E+01¢ -2.2E+03 + 66"

1.49E+05 + 1.E+03"
1.95E+05 + 3.E+03°
1.69E+05 + 1.E+04°
1.81E+05 + 4.E+03°

-1.7E+03 + 7.E+01° -5.9E+03 + 721
-8.4E+02 + 5.E+01° -1.5E+03 + 137
-1.4E+03 + 2.E+02° -4.3E+03 + 1180
-1.0E+03 + 3.E+01% -2.0E+03 + 7°

1.57E+05 + 3.E+03°
1.73E+05 + 3.E+03%
1.55E+05 + 1.E+03°

-8.8E+02 + 5.E+00° -1.9E+03 + 5¢
9.5E+02 + 1.E+02% -2.0E+03 + 491°
-1.2E+03 + 4.E+01% -3.1E+03 + 75°

Initial slope Hardness

Treatment (9/%) (9)

BASE 1.91E+02 +1*®°  9.06E+03 + 5.E+01°

CONTROL  2.01E+02 +4®% 3.75E+03 + 1.E+02"
Non-ionic

ACETEM 1.58E+02 + 1° 3.71E+03 + 8.E+01 "

STS 3.55E+02 +104% 4.77E+03 + 7.E+01°

DM 2.72E+02 + 22" 3.90E+03 + 2.E+02"°

LACTEM 3.64E+02 +35°  4.00E+03 + 2.E+00°
Anionic

SSL 2.95E+02 +36% 3.57E+03 + 9.E+01°

CITREM 2.83E+02 + 25 4.37E+03 + 3.E+02°

DATEM 2.09E+02 +16%  3.93E+03 + 5.E+01%
Zwitterion

LECITHIN 1.73E+02 +23%  3.04E+03 + 4.E+01°

1.24E+05 + 4.E+02%

-1.1E+03 + 3.E+01¢ -2.5E+03 + 87"

&¢Means with different superscript letters withioaumn are significantly different (P<0.05).
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Table 5.7Uniaxial compression test results of low fat cleelesfore reforming (base) and after reforming wibhemulsifier (control)
in comparison to reformed cheese made with thetiaddf different types of emulsifiers. Means aoe three replicates.

Initial slope Hardness Compression area Adhesiveness force Adhesiveness area

Treatment (9/%) (9) (9.%) (9) (9.%)

BASE 6.20E+02 + 124° 9.36E+03 + 5.E+02% 578E+04 + 4.E+03% -3.3E+02 + 3.E+02° -2.2E+02 + 60°

CONTROL  6.54E+02 +59™ 1.08E+04 + 3.E+02%" 7.26E+04 + 9.E+02' -2.0E+03 + 3.E+02™ -6.4E+02 + 119"
Non-ionic

ACETEM 7.38E+02 +44° 9.99E+03 + 1.E+02% 6.25E+04 + 7.E+02° -1.8E+03 + 3.E+02° -5.7E+02 + 98°

STS 6.28E+02 +28° 1.07E+04 + 2.E+02%" 6.59E+04 + 2.E+03° -1.9E+03 + 3.E+01°° -6.0E+02 + 85"

DM 9.07E+02 +46° 7.54E+03 + 4.E+02° 4.63E+04 + 2.E+03° -9.6E+02 + 1.E+02° -3.6E+02 + 53

LACTEM 6.60E+02 + 16™ 9.05E+03 + 8.E+02° 6.22E+04 + 3.E+03° -1.3E+03 + 1.E+02% -4.7E+02 + 8"
Anionic

SSL 4.80E+02 +12 557E+03 + 2.E+02% 2.78E+04 + 3.E+03% -3.5E+03 + 4.E+02% -1.6E+03 + 247°%

CITREM 7.51E+02 £51¢ 1.13E+04 + 3.E+02" 7.11E+04 + 9.E+02" -2.0E+03 + 7.E+01" -6.4E+02 + 32°

DATEM 9.44E+02 +26° 6.38E+03 + 5.E+02° 3.46E+04 + 1.E+03" -8.0E+00+ 1.E+01° -1.6E+02 + 29°
Zwitterion

LECITHIN 7.46E+02 +67° 1.03E+04 + 4.E+02" 6.54E+04 + 5.E+03° -2.2E+03 + 1.E+02° -6.6E+02 45"

&¢Means with different superscript letters withioaumn are significantly different (P<0.05).
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Table 5.8 Texture profile analysis results of low fat chebséore reforming (base) and after reforming withemulsifier (control) in

comparison to reformed cheese made with the additidifferent types of emulsifiers. Means aretfoee replicates.

Hardness Adhesiveness Springiness Gumminess Chewiness

Treatment (9) (9.9) (s) Cohesiveness (9) (9.9)
BASE 1.88E+03 +66 *  .26.00 +12%°  4.31 + 0.17° 0.54 +0.01°  1.03E+03 +34° 4.41E+03 +155"
CONTROL  1.90E+03 +112°° .5330+8°  3.83+0.12°°  055+0.00° 1.04E+03 +60° 3.98E+03 347"
Non-ionic

ACETEM  1.74E+03 +157°  -26.80 + 7% 3.8+0.10°° 054 +0.01° 9.38E+02 +77° 3.56E+03 +325°

STS 2.16E+03 +20¢ -30.30 +3° 378 +0.17°®  0.55+0.01° 1.19E+03 +24° 4.49E+03 +297°

DM 2.17E+03 +166°  -23.90 +4° 283 +0.18%°  041+0.02*® 8.85E+02 +77%®  2.51E+03 +321%

LACTEM  2.01E+03 +162%° -37.00 +2° 3.22 + 0.66° 0.45 + 0.07"  9.00E+02 +194%  2.08E+03 +1276™
Anionic

SSL 1.23E+03 +51° -81.50 +20*  2.08 + 0.48° 0.47 +0.01®° 5.74E+02 +31° 1.20E+03 +281%

CITREM 2.48E+03 +162°  -35.30 +6° 3.6 + 0.68°° 0.49 +0.08% 1.23E+03 +265°  4.56E+03 +1681"

DATEM 2 57E+03 £65°  -17.70 +6% 232 +1.13* 0.39 £+ 0.16°  1.01E+03 +432°  2.70E+03 +2537*
Zwitterion

LECITHIN  2.17E+03 +77%  -2850+7%  3.88 + 0.06% 0.54 £ 0.00°  1.17E+03 +36" 4.53E+03 +156"

&¢Means with different superscript letters withioaumn are significantly different (P<0.05).
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Table 5.9 Small deformation oscillation rheology results fall fat cheese before reforming (base) and afééorming with no

emulsifier (control) in comparison to reformed céeaenade with the addition of different types of &sfiers. Means are for two

replicates.
G' values G' values G' values Temperature Temperature
at 8°C at 40°C at 70°C at LTmax ( °C) LTmax atLT=1 (°C)
BASE 3.15E+05 + 2.6E+04  5.06E+03 + 4.70E+02 285+ 10.0° 67.8+ 7.0°° 3.0+ 0.0E+00° 47 + 0.0E+0C°
CONTROL 1.79E+05 + 5.7E+03° 2.18E+03 + 9.20E+01° 12.0 + 0.6* 63.8 + 1.5° 2.8 + 0.0E+00° 47 + 7.0E-01°
Non-ionic
ACETEM 2.06E+05 + 2.5E+04% 1.71E+03 + 3.40E+07"° 153 + 45% 65.8+ 1.4 30+ 1.0E-01° 47+ 7.0E-01%
STS 2.36E+05 + 2.1E+04 1.42E+03 + 3.70E+02° 14.0+ 2.1%® 68.3+ 0.7°" 28+ 1.0E-01Y 49+ 7.0E-01°
DM 1.59E+05 + 6.0E+03°° 1.55E+03 + 1.50E+02*° 95+ 2.1° 66.3+ 0.7 29+ 1.0E-01% 48+ 7.0E-01®
LACTEM 2.18E+05 + 2.1E+04°  1.77E+03 + 3.80E+02*° 10.1 + 1.6™ 65.8 + 0.0 3.0+ 0.0E+00° 47 + 1.4E+00™
Anionic
SSL 1.83E+05 + 9.6E+03° 1.69E+03 + 7.00E+07*° 20.6 + 10.0™° 69.9+ 2.1¢ 2.3+ 0.0E+00° 50+ 7.0E-01°
CITREM 1.49E+05 + 4.4E+04°  1.15E+03 + 4.20E-01° 15.8 + 2.9% 69.1+ 0.0 26+ 1.0E-01° 50+ 7.0E-01°
DATEM 1.28E+05 + 9.2E+03° 2.26E+03 + 2.80E+0°  36.0 + 2.5° 68.1+ 2.1°° 1.9+ 0.0E+00®° 50+ 0.0E+0C°
Zwitterion
LECITHIN  1.44E+05 + 8.5E+03° 1.23E+03 + 9.20E+0 26.9 + 3.7% 69.2+ 0.4 19+ 1.0E-01* 52+ 0.0E+00°

&¢Means with different superscript letters withioaumn are significantly different (P<0.05).
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Table 5.10Small deformation oscillation rheology results fow fat cheese before reforming (base) and a#&rming with no
emulsifier (control) in comparison to reformed céeenade with the addition of different types of éstfiers. Means are for three

replicates.
G' values G' values G' values Temperature Temperature
at 8°C at 40°C at 70°C at LTmax ( °C) LTmax atLT=1 (°C)
BASE 6.30E+04 +2.7E+03*  521E+03 + 3.8E+0" 43+ 2.0° 63.8 + 1.4% 7 + 1.4E+00° 46 + 8.0E-01°2
CONTROL  5.61E+04 +5.7E+0Z 4.33E+03 + 4.6E+02" 7.4+ 03" 648 + 0.0 57+ 20E-01% 47+ 7.0E-01%°
Non-ionic
ACETEM 6.72E+04 +1.6E+03°  5.38E+03 + 4.0E+00™° 12 + 2.2% 63.1+ 0.4%® 45+ 1.0E-01° 48 + 0.0E+00"
STS 7.93E+04 +4.1E+0F 5.53E+03 + 1.2E+02° 145 + 1.8° 64.4 + 0.4%° 49+ 20E-0L° 46 + 0.0E+00%
DM 1.05E+05 +2.2E+04° 1.00E+04 + 1.8E+03 11.1 + 0.7° 63.8+ 1.4%° 38+ 3.0E-01%° 48+ 7.0E-01%
LACTEM 6.43E+04 +5.3E+03"  4.67E+03 +3.0E+02* 151 + 0.2° 62.6 + 0.4° 3.7+ 1.0E-01%® 47 + 0.0E+00%
Anionic
SSL 8.18E+04 +9.6E+0F 5.87E+03 +5.7E+0F  20.2 + 1.6° 66.6 + 0.7%° 3.3+ 1.0E-01® 48 + 0.0E+00%
CITREM 8.18E+04 +6.0E+0F 5.73E+03 + 2.7E+0%F 6.8 + 0.52 63.3+ 04%® 48+ 1.0E-01% 46 + 0.0E+00°
DATEM 6.30E+04 +6.9E+03  6.02E+03 + 7.0E+0Z 232 + 1.9° 65.3 + 0.7 2.7+ 0.0E+00* 49 + 7.0E-01 °
Zwitterion
LECITHIN  5.39E+04 + 3.1E+03a  4.00E+03 2.5E+01° 14.4 + 0.1° 67.6 + 0.4° 4.6+ 1.0E-01L° 47 + 0.0E+00%

&¢Means with different superscript letters withinaumn are significantly different (P<0.05).
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Table 5.11 Melt profile analysis results for low fat cheesefdre reforming (base) and
after reforming with no emulsifier (control) in cparison to reformed cheese made with

the addition of different types of emulsifiers. Meaare for three replicates.

Degree of Flow(%) at 55°C

Treatment Full-fat cheese Low-fat cheese
BASE 75.12 + 4.09 ™ 66.7 + 5.0 °
CONTROL 65.46 + 3.08 ° 69.1 + 1.4

Non-ionic
ACETEM 82.65 + 142 °© 706 £+ 25 &
STS 79.18 + 1.64 ™ 67.0 + 1.4 °
DM 82.75 + 0.13 °© 679 + 56 °
LACTEM 83.44 + 053 °© 741 £ 32 °

Anionic
SSL 75.74 + 2.05 ° 69.2 + 0.6 *
CITREM 7743 + 069 ° 671 + 1.2 °
DATEM 7453 + 0.65 ° 69.0 + 06 *

Zwitterion
LECITHIN 83.81 + 0.25 °© 715 + 21

&¢ Means with different superscript letters withincelumn are significantly different
(P<0.05).
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R Emulsifier
OH
| Lactic acid zstars of monoglycerides (LACTEM)
—OOCHCH,
[ —QQCCH 3 Acetic acid esters of monoglycerides (ACETEM)
HCOH
HCOH OOCCH,
H —~OQOCCHCHCOO Diacetyl tartaric acid esters of monoglycerides (DATEM)
maon ceride
ey OOCCH,
OH
—OOCC‘-H.éC HCOO Citric acid esters of monoglyserides (CITREM)
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I
COOH

Lactic acid esters of monoglycerides (LACTEM)

E : Glycerol ~ AAA : Fatty acid I : Lactic acid

S

Acetic acid esters of monoglycerides (ACETEM)

E : Glycerol  AAAA : Fatty acid —AC : Acetic acid
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Diacetyl tartaric acid esters of monoglycerides (DATEM)
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Figure 5.1 Chemical structure of monoglyseride and its egtersg, 1997; Stauffer,
2005)
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Figure 5.5Cheese sample after reforming; vacuum packedpiolgstyrene cup
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Figure 5.8Pictures of low-fat cheese reformed with the addibf emulsifiers after 2 wk

of storage at 4°C
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Control 4

Figure 5.9 Pictures of full-fat cheese reformed with the &iddiof emulsifiers after 2 wk
of storage at 4°C
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Chapter 6

SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS

6.1. SUMMARY AND CONCLUSIONS

The reforming process of the cheese involves theisien of cheese particles
initially through the interactions between proteamsthe exposed surfaces of these pieces
that were created during grinding. As the bonds iatefactions between the caseins on
the contact surfaces of the cheese particles agstablished, fusion of the cheese will be
observed, and after some point those individuagséearticles will disappear forming a
continuous cheese network. The extent of recovetlieobonds and interactions present
in the cheese prior to grinding however dependthermobility of bonds/interactions in
the system and relaxation behavior of the bondsclware influenced by many factors
including temperature, pH, ionic strength, amounCE&P crosslinks, protein hydration
and proteolysis.

Cheese reforming is a process that has many apptisan dairy industry helps
milled curd to form cheese blocks and it has alkbwiee incorporation of ingredients;
like spices, herbs, fruits or different types/cadbicheeses. There has not been a study on
the impact of reforming process on the texturapprtes of the cheese. In our study, we

found that reforming cheese weakened the proteitwark through the physical
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disruption of bonds and interactions. Disrupting throtein network is helpful for
improving the excessive firm and rubbery texturereduced fat cheeses. In full fat
cheese, disruption in the continuity of the prote#twork is provided by fat globules that
are dispersed throughout it. Removing the fat tesala less interrupted protein network
which leads to an increase in firmness along witbhase and rubbery texture (Guinee et
al., 2001). In our studies on reformation of nondad low-fat cheese, we observed that
reformed cheese samples (2 w after reforming) baei hardness values then the cheese
base when reformation was done on cheese storeIBAC and where the pH was >5.5.
In those cheese samples decrease in hardnesseatbyrfracturing of the cheese. This
reduction in hardness was not as a result of saofieim the structure with the loss in
elastic character, but rather because of the oreati weak spots and the disruption of
the cheese matrix which helped to propagate fractNevertheless, this shorter texture
can be seen as an improvement in the chew-dowraceaistics of low-fat cheese in
comparison to its normal rubbery or chewy textdree disruption in cheese structure
due to grinding made it more meltable with a higdegree of flow in the reformed
cheese. Incorporation of certain type of emulssfiduring reforming or an increase in the
reforming temperature created a softer cheesetsgteuthat was not brittle or short. Use
of sodium steoryl lactylate (SSL) did reduce thedhass of the low-fat cheese in that
way. The interactions between certain type of erfraits and proteins can create a higher
disruptive effect than what it is obtained by gmglthe cheese into pieces physically
and then reforming it.

Reformation of the full-fat cheese showed somerdistifferences from the low-

fat cheese due to the presence of fat and loweeiproontent. The lower G’ values at
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20°C of the reformed full fat cheese compared eodheese base was possibly because
fat coated the surfaces of cheese particles duimgling and that helped prevent re-
establishing all of the interactions between priteiThis reduction in the G’ values at
<20°C was not observed in low or non-fat cheese EsEmp

Grating disrupted the cheese matrix, weakened twiruous nature of the
network and broke many physical bonds between masaticles. Many of these weak
interactions reformed during cold storage of thees®, however not all interactions were
recreated. Therefore, grating the non-fat cheesesimaller shreds lowered the hardness
compared to large ones. Cheese that had been gnedesimaller shreds showed a higher
flow rate, which indicated it was easier to flowritig heating.

An increase in cheese temperature softens theréektdicating a weakening in the
interactions with the increase in the mobility bétsystem (Lucey et al., 2003). Cheese
reformed at higher temperatures (i.e., 30°C) esduba softer texture as indicated by the
low hardness and storage modulus values (at 5°€) efter 1 wk of cold storage
following the reforming. Heating the cheese redtlee total number and/or strength of
the bonds and interactions in protein matrix (Luegyal., 2003). Although the higher
temperatures increased the mobility of the bondditey a faster cheese fusion, the net
impact was a softening of the cheese structureupraly due to loosening of the para-
casein matrix with this decrease in the strengthlass of interparticle bonds.

Reducing the pH improved the cheese fusion as shoyvmicrographs and
increasing recovery of the original textural prds. Reforming low-fat cheese that had
a high pH, i.e. 6.2, reduced its hardness and ggoraodulus while making it more

meltable, which was due to incomplete recoveryhef lhonds between caseins after the
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reforming process. One of the major reasons fopth@mpact on casein interactions was
due to demineralization of casein particles at jpddv(Lucey et al., 2003). The ratio of the
insoluble to soluble calcium phosphate was deccedsen 86% to 53% as the pH
reduced from 6.2 to 5.3. Improvement in cheeseofusit low pH (i.e., pH 5.3) was
possibly as a result of the increased bond mobdgiyg flexibility caused by the
solubilization of CCP crosslinks.

Addition of emulsifiers influenced the reformabyliof the cheese and altered the
textural and rheological properties depending @ntyppe and molecular characteristics of
the emulsifier. The interaction properties of enfidss with proteins and their HLB
values seem to play an important role on their b@han cheese. Anionic emulsifiers
were more effective in changing the texture prapsrof the cheese, probably due to
their stronger interactions with caseins througkirttcharged groups. There were
differences between full-fat and low-fat cheeseeesly with the use of more
hydrophobic non-ionic emulsifiers, which was prolgathue to their higher affinity to

interact with fat rather than proteins.

6.2. FUTURE DIRECTIONS

The reformation of cheese has not been the subfeotuch scientific study.
There are patents for the extrusion of the chekstkd or grated/ground cheese into the
form of slices, shreds or cheese blocks (Muelle@52 Holmes and Rivero, 2007; Reeve
and Justiz, 2008; Holmes et al., 2011). Howeves,féttors that promote cheese fusion
and conditions that retard fusion have not beemlietiu before. In our study, we
investigated the impact of some of the importantdes, such as, pH, temperature and

size of grating on reformability and textural prapes of the cheese after reforming.
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The following studies could be of interest for fidwesearchers:

A better understanding of the mechanisms of refaonaof
protein interactions and bonds in the reformingcpss requires more a
detailed study of the specific types of proteirerattions involved. It is
not clear what types of the bonds are broken when dheese was
physically broken down into pieces. One assumptiould be that weak
bonds/interactions would break first in the casefratture. Covalent
bonds can also be disrupted if they are physiaaltythrough or if under
rigorous shear forces. The mechanical disruptiomsead by grinding,
shredding and extruding the cheese caused varangsho break. We did
not analyze the system to identify any of the prmoteonds and
interactions involved in our study. Also, an invgation of the type of the
interactions and bonds that are formed when clihses are brought back
into close contact, will provide more insights o mechanisms of cheese
fusion.

Model studies could be used to probe the interaati@chanisms
of the different types of emulsifiers with rennetsein systems. These
studies could examine micelle formation and theticadi micelle
concentration, changes in the weight average mialeaueight of the
proteins and the thermodynamics of the proteinganotinteractions,
adsorption behavior of caseins and emulsifieratatfaces.

The degree of disruption needed to “permanentlgitice hardness

could be explored by passing cheese through theagetype apparatus
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various times to see how the extent of shear inspaetusion and
restoration of bonds.

Fat influenced the reformability of cheese as ewee by the
differences between full-fat and low-fat cheesedis® It could be
explored adding fat separately, e.g. liquid oil dbredded cheese, to
investigate if liquid fat could prevent refusionlsA different types of
oils/fats could be used to see the nature of theflaenced fusion.

Surface coatings could also be investigated as khown that so
called anti-caking agents prevent shreds from clogiypThe exact

mechanism involved has not been explored.
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