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Fig. 1-1
1,000
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Lucey et al., 2003
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(Fig. 1-2)
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Raw Milk Cream

Pasteurization

Standardization

Starter culture,

Fermentation

/ Calcium chloride

Coagulation

/Rennet

Cutting

Strring and cooking

Whey draining

—— > Whey

Milling

Salting

Pouring into molds

Pressing

Ripening

Fig. 1-1 General protocol for semi-hard/hard cheese manufacture.



Natural Emulsifying
Cheese salts

l

Grinding

N

Heating (Pasteurizing) and shearing

Water Food additives etc.

Mixing

Holding (Creaming)

Forming and packing

Cooling

Product

Fig. 1-2 Fundamental manufacturing process of pasteurized process cheese.



Table 1-1 Approved emulsifying salts for process cheeses (including cheese foods and

process cheese like product categorized into foods using milk products as principal raw

materials) in Japan.

Citrates

Trisodium citrate

Calcium citrate

Gluconates

Sodium gluconate

Potassium gluconate

Orthophosphates

Monosodium phosphate
Trisodium phosphate
Monopotassium phosphate
Tripotassium phosphate

Monoammonium phosphate

Calcium monohydrogen phosphate

Tricalcium phosphate

Disodium phosphate

Dipotassium phosphate

Diammonium phosphate

Calcium dihydrogen phosphate

Pyrophosphates

Disodium pyrophosphate

Monocalcium pyrophosphate

Tetrasodium pyrophosphate

Polyphosphates

Sodium polyphosphate

Potassium polyphosphate

Metaphosphates

Sodium metaphosphate

Potassium metaphosphate




2-1
87
3.3 3.8 4.8 0.7
80
s O0s2 B K
4:1:4:1 Walstra et al., 1999 as 8~9 as 10~13 B
K 1
pH 4.6 Mellander (1939) a
Y
Holt et al., 2013
as2 ast B
K
pH Swaisgood, 1996

90~95%



Fox and McSweeney, 1998 50~500 nm
1mL 10*~10"
(Fox and McSweeney, 1998)

Waugh and Nobel (1965) (Coat-core)

Morr (1967) Slattery and Evard
(1973) Schmidt (1980) Walstra and Jenness (1984) Ono and Obata (1989)
Walstra
and Jenness (1984)
10~15 nm
(Colloidal Calcium Phosphate; CCP)
K K
(Fig. 2-1a) Walstra
CCP
(Walstra, 1999) 1984

SEM TEM

in situ

in situ McMahon and

McManus (1998) Dalgleish et al. (2004)

SDS

(Horne, 1998)  Holt (1992)



CCP
(Fig. 2-1b)
Horne (1998)

(Dual-binding model; DBM)

(Fig. 2-2a)
(Fig. 2-2b)
Os1 Os2 B
2
1
CCP
K
DBM
DBM

2-2

93%

7%

(Fig. 2-2) DBM

CCP
Fig. 2-2c
CCP

3
[Aoki, 1995]



(CCP)

CCP
CCP CCP
CaHPO, (Van Slyke and Bosworth,
1915) Cag(POy4), Schmidt, 1980 3Ca3(P0Oy),-CaH-Citrate (Pyne and
McGann, 1960) CaHPQO,4-2H,0 (Holt et al., 1989)
(Bak et al., 2001)
CCP
pH CCP pH 4.9
EDTA
CCP
CCP (Horne, 1998)
80 30s
, 1989; , 2008

2-3

, 2014

10



pH

30~40
EC 3.4.234
Figure 2-3 DBM
K Phel05 Met106
K C
(Fig. 2-3a and b)
(Fig. 2-3c)
pH CCP
(serum) (Fig. 2-3d)
pH
2-3-1
K
EC 3.4.21.7

- Non Starter Lactic Acid

11



Bacteria, NSLAB

pH 4.6

Zehren and Nusbaum, 1992; Piska and Stetina, 2003

Maurer-Rothmann and Scheurer,

2005
2-3-2
Lucey and Fox, 1993
(Ultrafiltration; UF)
White and Davies, 1958; Mizuno and Lucey, 2005
Lucey et al. (1993) pH 5.0
CCP Lucey
CCP
CCP

Lucey and Fox (1993)  Salain et al. (2005)
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(Morris et al., 1988)

Metzger et al., 2001 Hassan et al. (2004)
(Lee et al., 2005)
a s Phe23 Phe24
Creamer and Olson, 1982 CCP
O’Mahony et al. (2005)
CCP

CCP
O’Mahony et al., 2006

Guinee and O’Kennedy (2009)
pH

CCP
CCP

/ CCP

13



2-4

2-4-1
emulsifier(s)
pH
pH
2~3% (w/w)
Table 1-1
(NaisAl2g(PO4)s - H20)
EDTA
TSC DSP

SHMP

Heide (1966)
87% TSPP47% TSC 43% DSP 33%

14

CCP

serum 3

pH

Tatsumi and Nishiya, 1997

Table 1-1 (p. 6)

, 1989

TSPP
Fig. 2-4

SHMP
Van Wazer and Callis (1958)



Guinee et al. 2004

Odagiri and
Nickerson, 1964, 1965; Morr, 1967; Zittle, 1966; Nakajima et al., 1975; Mohammad
and Fox, 1983; Johnston and Murphy, 1992 Mizuno and Lucey
(2005) pH 5.8
Mizuno and
Lucey (2005) TSC
DSP TSPP
SHMP 0.3% (W/w)
Fig. 2-5  Mizuno and
Lucey (2005) TSPP
SHMP
Gupta et al. (1984)
Cavalier-salou and Cheftel (1991)
1% (w/w) SHMP > TSPP > DSP > TSC
TSC > SHMP > TSPP > DSP TSC > SHMP > TSPP > DSP
Thomas et al. (1980) 3% (wiw)

TSC > SHMP > DSP > TSPP
TSPP > DSP > TSC > SHMP

pH
pH

15



Figure 2-6

pH

pH

2-4-2

Lee et al. (2003)
45 min
30 min
Lee et al. (2003)

Fig. 2-7
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Berger et al. 1998

pH
pH
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2-5

Horne (1998) DBM
Lucey et al. (2003)

(2-1) (2-1)

CCP
/
Lucey et al. (2003)
40
Lucey et al. (2003)
Table 2-1 CCP pH
pH
pH
CCP

17

DBM

(2-1)

pH 4.9

pH 5.2



pH

CCP

pH 65  CCP

Zhong and Daubert (2004)

(Walstra and van Viliet, 1986)

18

pH 4.6

pH



2-6-1

10~50%
Texture Profile Analysis; TPA
Fig. 2-8 70~90%
(Uniaxial Compression Analysis)
Fracture point
Torsional
Hamann and MacDonald
(1992)
Mushy Rubbery
Brittle Tough
Shirashoji et al. (2006)
TPA
2-6-2
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Lucey et al., 2003; Udayarajan et al., 2005

Small
Amplitude Oscillatory Shear; SAOS
2
Storage modulus; G’
Loss modules; G”
Loss tangent; tand
2-2 ~ 24
Yo w
y )=y osin(wt) (2-2)
y (® vy’
o d ¥ (t)
v (t) = &~ Yowcos (wt) (2-3)
o ()= oosin(wt+ o) (2-4)

20



o 0=0
0 Tm/2
0<d <m/2
Fig. 2-9
(2-2) (2-4)
y () =y oexpint (2-5)
o@{)=ooexpi(wt+ d) (2-6)
o)/ vy () G* (2-5) (2-6)

G*=c (1)) y () =0 eexpi(wt+ & )/y gexpiwt=(0 oy o)exp id

= (0 oly o) (cOSO +isind ) (2-7)
G’ G"

G* - Gr+ | Gn (2-8)

Oo
G = (—) cos b (2-9)

Yo

G" (Go) s
= |—Jsin ]
Yo (2-10)
(2-11)
o

= = 2-11
tan & S ( )

21



tand
(Lucey, 2002)

SAOS
(Tunick et al., 1990)
(Ustunol et al., 1995) (Lee et al., 2005)
(Lucey et al., 2003) SAOS
(Drake et al., 1999)  TPA (Drake et al., 1999) (Guinee et al., 1999;
Muthukumarappan et al., 1999a) Lucey et al.
(2003)
G' tand

CCP

22



2-1

Horne (1998)

23

pH

pH

DBM Lucey et al. (2003)



(0 ?
(LS

. ‘ ‘ [ Submicelle
‘\ ’\L (10~15nm)

‘ ‘ﬁ‘ o >_;v K -Casein C-terminal reagion
2 ‘ - Colloidal Calcium Phosphate

(b)

~~~ Casein molecule

@ Colloidal Calcium Phosphate

Fig. 2-1 The casein micelle structures described by Walstra and Jenness (1984) (a)
and Holt (1992) (b).
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(@) (b)

\Jl.\\,ﬂ_'—.'j ‘ﬁi

©)

AN

= NI}
AN

S/

U S S [

s2-casein a,-casein B-casein K-casein ccp

7L

=

L NS

Y4

&
7

Fig. 2-2 Rectangular bars and lines represent hydrophobic and hydrophilic segments,
respectively of the protein sequence. Diagrammatic representations of polymeric
structures of a-caseins and [-caseins showing linkages through interaction of
hydrophobic regions of the molecules (a) and bridging structures of hydrophilic regions
involving colloidal calcium phosphate (CCP) (b). A schematic diagram of the dual

bonding model for the casein micelle (Horne, 1998) (c).
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Chymosin

(d)

Fig. 2-3 A schematic description of the various stages in the enzymatic coagulation of
caseins using dual bonding model. Rectangular bars and lines represent hydrophobic
and hydrophilic segments, respectively of the protein sequence. Triangles represent
CCP. The initial mixture of casein micelles and enzyme (chymosin) (a) and proceeding
through proteolysis (b), initial fusion of casein micelles (c) and syneresis of the cheese

curd with acidification and disrupting a part of CCP (d).
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H, C—COONa
HOC—COONa

H, C—COONa

Trisodium citrate
(TSC)

@)
|

1
NaO——F|>-—O—F|>—ONa
ONa ONa

Tetrasodium pyrophosphate
(TSPP)

@)
I

HO—Fl’—ONa
ONa

Disodium phosphate
(DSP)

T ||
NaO—F|>—O F|>—O F|’—ON8

ONa ONa ONa
n-2

Sodium hexametaphosphate
(SHMP)

Fig. 2-4 Chemical formulae of main emulsifying salts for process cheese. Trisodium

citrate (TSC), Disodium phosphate (DSP), Tetrasodium pyrophosphate (TSPP), and

sodium hexametaphosphate (SHMP).
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Bound Ca (mmol/100 g)

0-0 T T T
0.0 0.5 1.0 1.5 2.0 2.5

Bound P; (mmol/100 g)

Fig. 2-5 Relationship between casein-bound calcium and inorganic phosphate (Pi) with
the addition of different concentration of trisodium citrate (e ), disodium
orthophosphate (), tetrasodium pyrophosphate (A ), or sodium hexametaphosphate

(). Concentration of emulsifying salts added is indicated next to each symbol.  from

Mizuno and Lucey, 2005
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6.0

A
5.8 - /
A

\
\

54 -

A
|
5.2 /

— .

Process cheese pH

5.0 T T T T
0 1 2 3 4

Concentration of emulsifying salts, %

Fig. 2-6 Impact of concentrations of emulsifying salts on pH of process cheese.
Trisodium citrate (e ), disodium phosphate (A ), tetrasodium pyrophosphate (m ),

sodium hexametaphosphate ().
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Viscosity

Time

Fig. 2-7 Process cheese creaming model: protein structure and viscosity change.

from Lee et al. 2003
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Table 2-1 Examples of how various cheese manufacturing conditions affect casein
interactions and impact meltability (from Lucey et al., 2003).

Chge_zse ma_lklng Electrostatic repulsion Attractive interactions Net impact
Conditions/situation on melt
Acid  production | Loss of CCP increases | Decreases due to fewer Increases
(pH=>4.9) localized repulsion by | CCP crosslinks

exposing phosphoserine

residues
Very low  pH | Repulsion decreases as | Hydrophobic interactions | Decreases
values (<4.9) caseins approach their | increase with

isoelectric point concomitant reduction,

more +/- charge bridges

Proteolysis Decreases when Decreases as total Increases

charged peptides are number of protein-

hydrolyzed protein bonds is reduced
CCP solubilization | Further loss of CCP Decreases due to less Increases
post-manufacture | increases localized CCP crosslinks (per g of

repulsion by exposing casein)

phosphoserine residues
Use of emulsifying | Increases due to Decreases due to less Increases

salts
cheese

in  processed

exposure of
phosphoserine residues
when CCP is partly
chelated, these salts can
increase pH and thereby
repulsion

CCP crosslinks
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FIRST BITE SECOND BITE

N | & S
e I N e
1
1 : .
N D —
First compression i€ 3 Wait ' Second
i First ] 1 withdrawal
. 1 Second 1
| withdrawal | ]
! Gompressian
1
P1,
I

Force

a3 Time

d1
TPA Term (SI units) How measured
Hardness (N) Force corresponding to P1
Fracturability (N) Force corresponding to F1
Cohesiveness (-) A2/Al
Adhesiveness (J) A3
Gumminess (N) Hardness x Cohesiveness
Chewiness (J) Gumminess X  Springiness
Springiness (m) d2
Stringiness (m) d3
Resilience (-) Alw/Al

Fig. 2-8 Schematic diagram of texture profile analysis and definitions of the terms.
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Hookean (ideal elastic) Solid

Newtonian (ideal viscous) Liquid

wt

2

o=rm/2 : T

Stress output

Strain input

Viscoelastic Material

Stress output

~/
T

Strain input

wt

O<o<m/2

Fig. 2-9 Sinusoidal strain input and typical stress-strain responses of elastic solid,

viscous liquid and viscoelastic materials.
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3-1
pH
Templeton and Sommer (1932)  pH
pH (pH < 5.2)
pH pH > 6.4

Stampanoni and Noble (1991)

pH

pH

3-2

4 pH 5.00 34%
25% wiw
Fisher Scientific, Fair Lawn, NJ, USA
TSC DSP TSPP SHMP
MO, USA

34

H 6.2 5.0
Marchesseau et al. (1997)
pH
pH

o

pH

44% wlv
pH

ICL Performance Products LP, St.Louis,



pH 53 LPH

56 MPH 59 HPH pH
(Cuisinart, Stamford, CT,
USA) 20
20h 4 2h
90¢g 2% (w/w) 49
pH 98
Fisher Scientific International Inc., Hampton, NH, USA
17rpm 1 min 200rpm  30s 400rpm 7.5 min
74 10 mL
16 mm 50 mL 30 mm
30 min 4
105
IDF, 1982 pH pH meter 420A (Orion Research, Beverly, Mass.,
USA
4 2 16 mm
17.5 mm
4
TA-XT2  Texture
Technologies Corp., Scarsdale, NY, USA 20%

Bourne (1978)

10%

5%
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Gunasekaran and Ak, 2003
4 4

uw
Muthukumarappan et al., 1999a
30 mm 7 mm
4
2
Fig. 3-1
45 Degree of flow; DOF
DOF Softening
temperature
(Muthukumarappan et al., 1999a)
3 4
TSC, DSP, TSPP, SHMP 3 pH LPH : pH 5.3, MPH:
pH 5.6, HPH: pH 5.9 Statgraphics program,

version 5.1 plus (Manugistics, Rockville, MD, USA)

3-3

3-3-1

pH
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40% Table 3-3

38.8~40.5%
P>0.05
3-3-2 pH
Table 3-1 TSC DSP TSPP SHMP pH
Table 3-2
TSC
TSC pH Fig. 3-2a
LPH HPH TSC
pH DOF Table 3-3 pH
pH pH
DOF
45 pH Fig. 3-2
Table 3-4
INS Fig. 3-3 Fig. 3-4 TSC
LPH HPH pH INS P <0.05
LPH MPH
MPH HPH LPH

HPH
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pH

Mulsow et al., 2007 pH
pH
(2% [wiw])
pH
pH
Fox etal., 2000 pH TSC
CCP
Horne 1998; Fox et al., 2000 pH
Horne 1998;
Lucey et al., 2003
TSC
Mizuno and Lucey, 2005 pH LPH MPH
Lee et al., 1986; Marchesseau et al., 1997; Dimitreli et al., 2005
MPH
HPH TSC
TSC
MPH HPH
LPH
Fig. 3-5
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DSP

DSP LPH HPH pH
Table 3-3, Fig. 3-2b DOF LPH MPH Table
3-3 LPH 45
Fig.3-2b MPH HPH DOF
LPH MPH LPH
LPH MPH INS Fig. 3-3
Table 3-3 MPH HPH
INS
LPH
DSP

Van Wazer and Callis, 1958

Lee et al., 1986; Molins, 1991; Dimitreli et al., 2005; Mizuno and Lucey,

2005 TSC pH
DSP
LPH MPH Fig. 3-4 pH
pH
pH 6 Lucey and Fox, 1993
pH
pH5.9
DSP (Table 3-4)
DOF Table 3-3 LPH DSP
DSP
PKaz (7.2)
Visser, 1962 pH
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TSPP

TSPP
Fig. 3-2¢
HPH
3-3 INS LPH MPH
Fig. 3-3 LPH
HPH
Fig.3-4 LPH
Table 3-4
TSPP
Meyer 1973  TSPP
Fig. 3-4
Table 3-3
TSPP
MPH TSPP
LPH INS
(Strain)

MPH
DOF LPH
Table 3-3
HPH
pH
MPH
Fig. 3-4
MPH

LPH
HPH
MPH

pH

MPH

MPH
pH

pH

MPH
MPH
Table

LPH

HPH

MPH
INS

HPH

Zittle 1966; Vujicic et al., 1968; Mizuno and Lucey, 2005 TSPP

LPH

LPH

40

Fig. 3-5
TSPP

2% (w/w)
LPH

TSPP



pK 5.8 Weast, 1970 pH

pH Mizuno and Lucey
(2005, 2007) TSPP pH
5.4~7.0 pH 6.0
Mizuno and Lucey, 2007 MPH HPH pH
SHMP
pH SHMP
45 Fig. 3-2d
LPH MPH  pH DOF
MPH HPH  pH Table 3-3 LPH
MPH INS Fig. 3-3 Table 3-4
Fig. 3-4
LPH NPH Table 3-4 MPH
HPH SHMP
Fig. 3-4

Van Wazer and Callis, 1958

pH
SHMP
TSC DSP Lee et
al., 1986; Guinee et al., 2004 SHMP
Van Wazer and Callis, 1958 CCP
pH
SHMP CCP
pH MPH HPH
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SHMP

Marchesseau et al. (1997)
pH pH 5.2
pH 5.7

SHMP

Mizuno and Lucey, 2005 Muzuno and
Lucey (2005) SHMP CCP
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Table 3-1 Summary of how changes of pH affect textural and melt properties of process
cheeses made with different emulsifying salts. “LL.  M” indicates the change of low pH
(5.3) to middle pH (5.6). “M  H” indicates the change of middle pH (5.6) to high pH
(5.9). Arrows indicate magnitude of the change in the properties; increases t or

decreases | orno difference —.

TSC DSP TSPP SHMP
Changes of pH LM MH LM MHLM MH LM MH

DOF at 45 1 1 1 - 1 ! 1 -
Softening Temp. ! ! ! ! - 1 ! -
Compression area - l l - l - l -
Adhesiveness force l - l - 1 1 1 -
Adhesiveness area . - l 1 1 - 1 -

Hardness 1 - l 1 l 1 - 1
Initial slope l ! l - l 1 l -

Original cheese height (mm)—Melted cheese height (mm)

DOF, degree of flow. DOF = x 100

Original cheese height (mm)

(see Fig 3-1)
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Table 3-2 Summery of the proposed casein interaction in process cheese based on the

cheese matrix balance concept (Lucey et al. 2003).

Low pH process cheese

Interaction/repulsion States of calcium/casein Net impacts on texture/melt

Electrostatic repulsion decreaseed as casein

approach theirisoelectric point High stiffness

Casein molecules partially

aggregated Low melt
Hydrophobic interactions between individual casein Fracture point was observed
moleculesincreased
pH increases
High pH process cheese
Interaction/repulsion States of calcium/casein Net impacts on texture/melt
Electrostatic repulsion increased as caseins leave n
from their isoelectric point Casein molecules dispersed. A Low stiffness
— finer, harder matrix was produced High hardness
CCP crosslinks were deleted as calcium chelating as casein dispersion increased
ability of an emulsigying salt increased. _
Hydrophobicinteractions or
. . - . . Low hardness
High net negative charge created additional L _hydrogenbonding was hindered High melt
electrostatic repulsion between caseins when the matrix was forming g
during the cooling stage
More phosphate salts converted into calcium Therg was greaterformanon of High hardness
casein-calcium-phosphate
compleses . Low melt
crosslinks
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Table 3-3 Moisture content, degree of flow at 45 , and softening temperature of

process cheese made with different types of emulsifying salts with different pH values.

Type of Moisture Degree of flow Softening

Emulsifying salts PH content (%) at45 (%) temperature ()

5.24 40.1% 30.2° 37.1°

TSC 5.52 40.6° 44.8° 35.5%°

5.80 40.5% 51.4° 34.5°

5.29 38.8% 24.3 37.6°

DSP 5.60 40.0° 35.2" 36.3°

5.91 40.3° 35.6" 35.6"

5.28 39.3% 26.6° 38.8°

TSPP 5.61 39.8° 39.1° 37.1°

5.81 39.1 28.7° 41.6°

5.28 40.5% 29.5° 39.5°

SHMP 5.55 40.5° 38.1° 37.1°

5.85 40.1% 41.1° 36.1°

Results are means of 4 replicates.
Superscripts with different letters within the same column in the same group of

emulsifying salts were significantly different (P < 0.05).
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Table 3-4 Textural analysis for process cheese made with different types of emulsifying

salts (2% [w/w]) at different pH values.

Textural analysis

Type of
ermulsifying salts pH Compression Adhesiveness Adhesiveness
area (N s) force (N) area (N s)

5.24 445 .4° 16.47° 2.37°
TSC 5.52 463.6° 14.55" 2.13
5.80 388.8" 13.43 2.24°
5.29 427.8° 20.57° 2.63°
DSP 5.60 388.2° 14.51° 1.96°
5.91 384.9° 15.65" 2.52°
5.28 514.6% 16.29°% 1.90°
TSPP 5.61 395.8° 16.64% 3.12°
5.81 438.4° 18.32° 2.80°
5.28 447.9° 14.91° 1.86°
SHMP 5.55 400.5° 16.41° 2.93
5.85 399.7° 16.44" 2.78"

Results are means of 4 replicates.
Superscripts with different letters within the same column

emulsifying salts were significantly different (P < 0.05).
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< Incubator
74°C

«—LvDT

«——LVDT Rod

& Circular plate Cheese

| _— ﬁ/-~(diameter 30 mm,
L+ i
pC | thickness 7 mm)

Thermocouple—" | |

Fig. 3-1 Schematic diagram of UW-meltprofiler. A/D = analog-digital converter;
LVDT = linear variable differential transformer. Degree of flow was calculated by the
following equation.

Degree of flow (%) at T°C =

Original cheese height (mm)—Melted cheese height at T °C(mm)

x 100

Original cheese height (mm)
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Temperature ()

Cheese height as a % of original height (%)
(4
o

100
90
80
70
60
50
40
30
20
10

Temperature ()

Cheese height as a % of original height (%)

Time (min)

Fig. 3-2 Changes in process cheese height as percentage of its original height from
UW-Meltprofiler for process cheese made with TSC (a), DSP (b), TSPP (c) or SHMP
(d) with different pH values: pH 5.24 t0 5.29 (O ), pH 5.52t0 5.61 (), pH 5.80 t0 5.91
(), and temperature (x ) during test. The data represent means (n = 4) while the error

bars represent standard deviations. Emulsifying salt was added at 2% (w/w).
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Initial slope (5%-10% compression, N/Sec.)

65

6.0 F

55 F

5.0

45 F

4.0 |
h, G

35 F 2

|“ ‘I . )
” A

5.6 5.9

3.0 F

25 F

2.0 F

1.5

pH of final cheese product

Fig. 3-3 Stiffness (initial slope from uniaxial compression curve) of process cheeses
made with different pH values and different types of emulsifying salts (2% [w/w]): TSC
([ ]). DSP (MM ). TsPP( ), SHMP ([]). The data represent means (n > 4) while
the error bars represent standard deviations. Different lowercase letters indicate
significant differences (P < 0.05) between pH values for the same type of emulsifying
salts. Different capitalized letters indicate significant differences (P < 0.05) between

different types of emulsifying salts at a single pH value.
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Fig. 3-4 Hardness of process cheese made with different pH values and different types

of emulsifying salts (2% [w/w]): TSC ([_]), DSP ([l TSPP (&4 ), SHMP ([ ]).
The data represent means (n > 4) while the error bars represent standard deviations.

Different lowercase letters indicate significant differences (P < 0.05) between pH values

for the same type of emulsifying salts. Different capitalized letters indicate significant

differences (P < 0.05) between different types of emulsifying salts at a single pH value.
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Fig. 3-5 Uniaxial compression curves for process cheese made with different pH values

and different types of emulsifying salts (2% [w/w]): (A) trisodium citrate, (B) disodium

phosphate, (C) tetrasodium pyrophosphate, and (D) sodium hexametaphosphate. Dashed

curves were cheeses made at pH approximately 5.3 (LPH), solid curves were cheeses at

pH 5.6 (MPH), and dotted and dashed curves were cheeses at pH 5.9 (HPH).
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pH
(2% [wiw])
pH

pH
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4-1
3 (2% [wiw])
pH
Thomas et al., 1980;
Gupta et al., 1984; Cavalier-Salou and Chaftel, 1991 2
pH Fig. 2-6, p. 29
TSC
- TSC
pH
4-2
Alto Dairy Cooperative, Waupun, W1, USA
4
37% 34% 26% [w/w]
669 mg/100 g pH

Fisher Scientific (Fair Lawn, NJ, USA
Brenntag Great Lakes, LLC Wauwatosa, W1, USA
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Blentech Corp., Rohnert Park, CA, USA

Model mini-22
Biro Manufacturing, Marblehead, OH, USA 24
80 1 min
(
0.25~2.75% [wiw]) 50rpm 40s
50% (w/v)
88% (w/v) pH 5.6
pH 5.6 pH
100 rpm 87 kPa 100's 80
0~20 min
15 s
09 kg 2.0 Ib
5
S)
Lucey et al. (2005) Paar Physica UDS200 controlled-stress
rheometer Anton Paar, Ashland, VA, USA 50 mm
3 mm 50 mm
1 /min 5~85 0.08 Hz
0.5% G’ LT
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300 g 10 min

50 mm 80
50 mm
1 mm
4 min 20 min 80 0.2 Hz
0.3 G' LT
- Hassan et al. (2004) 80¢g
50 40 mL LB10S with

a MC2 mini-container Waring Commercial, New Hartford, CT, USA 1 min
Ultra-Turrax T25 Basic with
S25N-18G dispersing element  IKA Works, Inc., Wilmington, NC, USA
19,000 s* 3 min
25
DL50 Titrator Mettler Toledo,

Schwerzenbach, Switzerland —

05N pH 3.0
pH 3.0~8.0 05N 25
30s 0.1mL
pH dpH
dB/dpH Van Slyke (1922) 4-1)
B _{ (mil)} = { (M)} 1)
dpH { mD}<fp }
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Figure 4-1 pH
pH 4.8
CCP
pH 4.8 Hassan et al.,
2004 CCP

25 kg TA-XT2 Texture
Technologies Corp., Scarsdale, NY, USA

16 mm 17.5 mm
50 mm
0.8 mm/s 20%
80
5 5
Muthukumarappan et al. (1999a, b)
uw
5mm 40 mm
232 5 min
CCD model VDC
3874; Sanyo, San Diego, CA, USA
uw
7 mm 30 mm 4
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Morris et al. (1988)
0.25% (w/w)

Morris et al. (1988)
0.25% (wiw)
Morris et al. (1998)

Table 4-1
11
1:1 1.5% (w/w)
2:3
12 g 18 ¢ 31x 18 cm; Seward Ltd.,
Norfolk, UK 260 rpm 5 min
40 60 min 250 mL Nalgene Brand
Products, Rochester, NY, USA 3,000x g 30min 4
Whatman No. 113
S)
UF Ultrafree-MC NMWL, 5-kDa cut-off membrane, Millipore Co.,
Billerica, MA, USA 250p L UF
4,500x g 90 min UF
0.2N UF

Vista-MPX
Simultaneous ICP-OES Varian, Inc., Palo Alto, CA, USA
317.9 2149 nm
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pH 4.6

and Fox, 1982 (4-2)

100 —

100

Mp
mg/100 g
15

IDF, 1982
1986 IDF, 1993
3h

(Orion Research, Beverley, MA, USA

Sutheerawattananonda et al. (1997)

(Sigma-Aldrich St. Louis, MO, USA) 1 min

4 3h
plus (Carl Zeiss, Eching, Germany) 10

450~490 nm
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pH 420A
pH

0.1% (w/v) Nile Blue A

Q
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Mullen and Ennis,
1979 Lucey et al., 1998; Montgomery, 2001 2
a 1414 4

(Table 4-2) (4-2) (4-3)

Coded Esc = E3¢ 08 ~15
oaed Bt = T 0884 (4-3)

holding time (min) — 10

Coded holding time = =~ 071 (4-4)
a
a V2 =
1414 Fig. 4-2 4-3 15 4-4 10
1.5% [wiw]
10 min
0 min a 10
1 10/1.414=7.071 4-4
Statgraphics version 5.1 plus, Manugistics, Rockville, MD, USA
2

Montgomery, 2001
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4-3

4-3-1

pH pH
5.58~5.76 38.2~40.1%; Table 4-3  pH
Templeton and Sommer, 1930,
1932; Lee et al, 1996; Marchesseau et al., 1997
Sutheerawattananonda and Bastian 1998 TSC DSP
38.6 39.8%

pH
4-3-2 TSC
Figure 4-3 5~85
G!
Fig. 4-3a 2.75% [wiw]
G’ 40
G’ 65 TSC 1.5% (w/w)
65~85
Udayarajan et al. 2005
40~55 LT
Fig. 4-3b 70
LT TSC
LT LTmax
Figure4-4 50 LT a 70 G’ d 50
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LT 70 G’ R? 0.98 0.80
Table 4-4 50 LT

2 70 G’
LT 50
50 LT
Fig. 4-4a 70 G’
Fig. 4-4d
20%
Fig. 4-4c
2
G’ Table 4-4
3,539+235¢
Chewiness Table 4-4
TSC
Fig. 4-5
TSC
70 G’ Fig. 4-4 Gupta and Reuter (1993)
TSC
pH
Gupta et al. (1984) TSC

1.2~2.1% [wiw] pH 5.8
Cavalier-Salou and Cheftel (1991) TSC 0~3% (w/w)
TSC

pH 6.1~6.8
(pH 5.6~5.9) Sutheerawattananonda et al. (1997)
2% (w/w) NaCl
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TSC (0.25% [w/w])
2% w/w NaCl

Sutheerawattananonda et al., 1997 pH
pH pH
Marchesseau et al., 1997; Lee and
Klostermeyer, 2001 pH
4-3-3 TSC
UW- TSC
Fig. 4-6

(0.25% [wi/w])

(2.75%
[wiw]) 15 min
1.5% (w/w)
60 (DOF) Fig. 4-4b DOF
Fig. 4-4b  DOF
2 R*=0.94
Table 4-4 uw
DOF R® 0.66 Table
4-4 DOF
uw
Fig. 4-6
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CCP

TSC CCP
DOF Fig. 4-8
4-3-4 TSC
Figure 4-4f
R*=0.86
2
Table 4-4
Fig. 4-4e
TSC
CCP
2
Table 4-4
TSC -
Fig. 4-7
Fig. 4-7a
pH 4.8 CCP
Lucey and Fox, 1993; Hassan et al., 2004
pH 4.8 pH 6.0
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Lucey et al., 1993

TSC pH 4.8
Fig. 4-7b
pH 4.8
pH 4.0 2.38% (w/w) TSC
pH 4.8 CCP
Fig. 4-7e, f pH 4.8
TSC CCP
pH 3.8~
4.0 Mizuno and Lucey (2005)
Walstra and Jenness, 1984
Mizuno and Lucey (2005) TSC
TSC
Udayarajan et al. (2005) G’
Fig. 4-3a
TSC
G’ Fig. 4-3a
TSC
Fig. 4-4e TSC CCP
CCP TSC
pH 4.0 Fig. 4-7
Fig. 4-4f
Chatterjee and Dhar, 1924
Pastorino et al. (2003) TSC

TSC
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TSC
Pastorino et al. (2003)

pH
TSC
Scharpf and Kichline,
1969
TSC 10 pm
Rayan et al., 1980; Caric et al., 1985
Fig. 4-4f
10 min
TSC
CCP
10 min
4-3-5 TSC
TSC
Fig. 4-8 TSC
Fig. 4-8a  2.75% (w/w)
Fig. 4-8¢c 1.5%
(Wiw)
80
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Fig. 4-8d
Fig. 4-8e Sutheerawattananonda et al. (1997)

TSC TSC

(0.25% [w/w])
Fig. 4-8a
Paquet and Kalab, 1988; Guinee et al.,
2000

Walstra and Jenness, 1984

Guinee et al., 2000
Fig. 4-8a

Fig. 4-4

Tamime and

Robinson, 1999

4-3-6

Glenn et al., 2003

Lucey et al., 2003
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Paquet and Kalab (1988)

Figure 4-9

TSC

Templeton and Sommer, 1936 TSC
CCP

80 14 min 80
TSC
TSC
LT

Lee et al. (2003)

Fig. 4-9
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Table 4-1 Soluble Ca as a percentage of total Ca. Comparison between the “cheese
juice” method and new water extraction method with various dilution factors (n = 2).

Cheese used was process cheese with 0.25% (w/w) tetrasodium pyrophosphate.

Cheese: water Soluble Ca (% of total Ca)
“Cheese juice” 26.1°
11 27.3%
1:15 30.1°
1:2 31.6°
1:4 63.7°

*IMeans within the same row not sharing a common superscript are different (P <

0.05).
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Table 4-2 Values of independent variables of each experiment in coded and actual

values for each central composite experimental design.

Coded values

Actual values

ES Holding ES Holding time
Treatment  concentration time concentration (min)
(% [wiw])
1 0 0 1.50 10.0
2 -1 -1 0.62 2.90
3 0 0 1.50 10.0
4 +1 +1 2.38 17.1
5) +1 -1 2.38 2.90
6 0 +a* 1.50 20.0
7 0 -a 1.50 0.0
8 -a 0 0.25 10.0
9 0 0 1.50 10.0
10 +a 0 2.75 10.0
11 -1 +1 0.62 17.1
12 0 0 1.50 10.0

*a=1414
ES: Emulsifying salt
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Table 4-3 Composition of process cheese for each experimental treatment.

Treatment pH Moisture (%) Fat (%)
1 5.63 40.14 32.52
2 5.66 38.98 32.05
3 5.62 38.72 32.54
4 5.59 38.84 31.62
S) 5.58 38.77 31.45
6 5.61 39.60 31.48
7 5.76 38.72 32.20
8 5.74 39.11 32.87
9 5.73 38.80 32.06
10 5.65 38.18 31.75
11 5.75 38.51 32.73
12 5.71 38.54 32.05
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Table 4-4 Second-order polynomial models describing dependent variables in
physicochemical properties of process cheese made with TSC.

Dependent Independent Coefficient 2 o-value
variables variables (adjusted)*
LT at 50°C Constant 1.532 0.98 <0.001
[ES]*** -0.5296
Holding Time** -0.09558
[ES] ?*** 0.2592
DOF Constant 77.81 0.94 <0.001
[ES]*** -4.446
Holding Time* -0.8927
[ES] *t 0.8539
Hardness Constant 1850 0.95 <0.001
[ES]*** 401.5
Holding Time* 95.02
[ES]xHolding Time*  114.2
[ES]?** 128.7
Chewiness Constant 1204 0.97 <0.001
[ES] *** 287.5
Holding Time* 56.55
[ES]xHolding Time* 80.94
G” at 70°C Constant 15.59 0.80 <0.001
[ES]*** 8.370
Holding Time* 3.574
Insoluble P as a % Constant 51.00 0.82 <0.001
of total P [ES]*** -16.88
[ES]** 7.877
Holding Time®* 8.572
Insoluble Ca as a % Constant 73.04 0.86 <0.001
of total Ca [ES]** 4.150
Holding Time* 1.785
Holding Time?*** 4.564
Schreiber Melt Area  Constant 26.81 0.66 <0.005
[ES]** -3.897
Holding Time* -2.054

'R? values were adjusted for the degree of freedom.

T, *, **, and *** indicate significant differences at P < 0.1, P < 0.05, P < 0.01, P <
0.001, respectively.

[ES]: Emulsifying salt concentration.
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Fig. 4-1 Buffering curve for Cheddar cheese as a raw material of process cheese:
Forward titration with 0.5 N hydrochloric acid (solid line), and back titration with 0.5 N
sodium hydroxide (dotted line). Red area represents the solubilization of residual CCP.
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(a) Holding Time
+a

+a [ES]

(b)
Levels
Variable -a -1 0 +1 +a
[ES] (% [w/w]) 025  0.62 150  2.38 2.75
Holding Time (min) 0 2.90 10.0 17.7 20.0

Fig. 4-2 Explanation drawing of central composite rotatable design (a) and independent
variables and experimental design levels in dimensionless coded and physical units (b).

[ES]: Emulsifying salt concentration.
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Fig. 4-3 Storage modulus, G' (a) and loss tangent (b), as a function of temperature for
process cheeses made with various concentrations of TSC and the natural Cheddar
cheese used as the cheese making (A): TSC concentrations 0.25% (w/w) (e), 1.50%
(wiw) (V), 2.75% (w/w) (m). Holding time was 10 min for all process cheese samples.
Data represents means (n = 3) while the error bars represent the standard deviation.
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Fig. 4-4 Response surface plots for the effect of concentrations of emulsifying salts
(ES) and holding times on loss tangent (LT) at 50°C (a), degree of flow (DOF) at 60°C
from the UW-Meltprofiler, (b), hardness (c), storage modulus (G') at 70°C (d), insoluble
P as a % of total P in process cheese (e) and insoluble Ca as a % of total Ca (f).
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Fig. 4-5 Stress-strain curves during uniaxial compression of process cheeses to 20% of
the original height of cheese made with various concentrations of TSC: TSC
concentration 0.25% (w/w) (dashed line), 1.50% (w/w) (solid line), 2.75% (w/w)
(dashed-dotted line). Holding time was 10 min for all process cheese samples. Data
represents the means (n > 5) while the error bars represent the standard deviation.

77



70

100

B D @
o o o
1 1 1

Cheese temperature ()

Cheese height as a % of the original height (%)
S

o
o

Time (min)

Fig. 4-6 Changes in cheese height as a % of the original height from the
UW-Meltprofiler for process cheese made with various concentrations of TSC and
natural Cheddar cheese used as an ingredient (A), TSC concentrations 0.25% (w/w) (e),
1.50% (w/w) (V) and 2.75% (w/w) (m). Cheese temperature is indicated by a dashed
line. The data represents the means (n = 3) while the error bars represent the standard
deviation.
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Fig. 4-7 Acid-base buffering curves for natural Cheddar cheese as the cheese making
ingredient (a) and process cheeses made with various TSC concentrations 0.25% (w/w)
(b), 0.62% (w/w) (c), 1.50% (w/w) (d), 2.38% (w/w) (e) and 2.75% (w/w) (f).
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Fig. 4-8 Fluorescence micrographs showing fat droplets as light areas against a dark background (protein) for process cheese made
with various concentrations of TSC and with the same holding time (10 min): TSC concentration: 0.25% (w/w) (a), 1.50% (w/w) (b)
and 2.75% (w/w) (c) or cooked for various holding times and same concentration of TSC (1.50% [w/w]): Holding time, 0 min (d), 10

min (b) and 20 min (e). Scale bar =50 y m.
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Fig. 4-9 Storage modulus, G', (a) and loss tangent, (b) for melted process cheeses made
with various concentrations of TSC 0.25% (w/w) (e), 1.50% (w/w) (o) and 2.75%
(w/w) (V) during holding at 80°C. The data for 1.50% (w/w) TSC level represents
means (n = 4). Other curves are single tests. Rheological measurements were started 4

min after process cheese taken out from a cooker at 80°C for 10 min.
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5-1
6
SHMP
SHMP
pH
Guptaetal.,, 1984 SHMP
pH SHMP
pH SHMP
3 pH
SHMP 4 TSC
SHMP
pH
pH 5.6
5-2
4 p. 54 4
37% 34% 26% [wiw]

669 mg/100 g Alto Dairy Cooperative
SHMP  Hexametaphos, ICL Performance Products LP, St. Louis, MO, USA
SHMP
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Odagiri and Nickerson (1964)

SHMP
5.6 Griffith (1957)
14.4 pH
Fisher Scientific
4 p. 55
Blentech Corp.
0.25~2.75% (w/w) 0~20 min

pH 5.6
7
p. 55
5~85
0.08 Hz 0.5%
4 p. 56
40 mL
05N pH 3.0
pH 3.0~8.0
pH

1

84

/min

50% wliv
pH 56

SHMP

4 p. 56

80¢g

05N
Hassan et al. (2004)
3



TA-XT2 Texture Thchnologies Corp., Scarsdale, NY,
USA TPA

4 p. 57 17.5 mm 16 mm

TPA
80% 20%

0.8 mm/s 5 5

Muthukumarappan et al., 1999a UW-Meltprofiler
Muthukumarappan et al., 1999b DOF

4

Sutheerawattananonda et al. (1997)

0.1% (w/v) Nile Blue A (Sigma-Aldrich) 1 min Q

4 3 h
Axioskop 2 plus (Carl Zeiss

IDF 1982 IDF  (1986) pH pH
420A (Orion Research)
4 p. 58
4 p. 60
2
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Mullen and Ennis, 1979

Table 5-1
Manugistics)
2
F 4
5-3
5-3-1 SHMP

pH  pH5.50~5.63
37.3~38.0% (w/w)

5-3-2 SHMP

Figure 5-1  SHMP

SHMP 0.25% (W/w)

5~70
SHMP  150% 2.75% (wiw)
&
4 TSC
(Fig. 4-3a, p. 75) 50 LT
(Fig. 5-1b) SHMP 2.75%
1 LT 1

Lucey et al., 2003
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Montgomery, 2001

Statgraphics program (version 5.1 plus,

Table 5-1
Table 5-1
G!
G’ 70
(Fig. 5-1a) G’
LT

2.75% (wiw)



50 LT 70 G’ Fig.5-2a  Fig. 5-2d
70 G’ SHMP
(Fig. 5-2a) SHMP

50 LT
TPA Fig. 5-2c SHMP
SHMP
4 TSC
SHMP 2.75%
45% Fig. 5-3
SHMP
Brittle SHMP
Gupta et al. (1984)
SHMP

pH 5.2 3 pH

Fig. 3-5, p. 52

SHMP
Fig. 5-2¢ 70 G’ Fig.5-2d 50 LT  Fig.5-2a
SHMP LT
SHMP
TSC

Lee et al., 1986; Molins, 1991; Mizuno and Lucey, 2005

SHMP Vujicic et al., 1968
pH TSC
SHMP

Lee et al., 1986; Guinee et al., 2004
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Lee and Alais, 1980

SHMP
3
Figure 5-7
SHMP (0.25% [wiw]) 80
Fig. 5-7a SHMP
SHMP LT
LT
SHMP 80
LT Fig. 5-2b
LT SHMP

Dimitreli et al. (2005) SHMP

pH SHMP

pH 5.6

GI
Johnston and Murphy (1992)
3 4
5-3-3 SHMP
Figure 5-4 10 min

LT

80

SHMP

88

pH

SHMP

G!

G!

1~3% (w/w) SHMP
5
pH 4.6
SHMP
Fig. 5-7
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SHMP
SHMP

Rayan et al., 1980

LT
Fig. 5-7

5-3-4 SHMP

SHMP

Fig. 5-6

SHMP 0.25% (w/w)
SHMP 2.75% (w/w)
DOF Fig. 5-2b
DOF

SHMP

DOF Fig. 5-2b

SHMP

Fig. 5-2b

SHMP

LT G’
SHMP

4 TSC

Fig. 4-8, p. 80

SHMP

Fig. 5-6b, c

TSC

Fig.5-6a 150  2.75% (w/w)
1.50% (w/w)
80
Fig. 5-6d 10 min
Fig. 5-6e 4
(Fig. 4-8)
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Fig. 5-6f

SHMP (0.25% [w/w]) Fig. 5-6
Fig. 5-2¢ Fig. 5-2d
4 p. 66
SHMP 1.50% (w/w) 10 min
Fig. 5-6
5-3-5
Fig. 5-2e SHMP
SHMP
(Table 5-2)
SHMP
SHMP
Table 5-2
Van Wazer and Callis
(1958) > >
> >
SHMP CCP

Van Wazer and Callis, 1958
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SHMP  TSPP
Mizuno and Lucey, 2007
TSPP

SHMP
CCP
Taneya et al. (1980)

TSC
SHMP
pH 5.8 SHMP
Mizuno and Lucey, 2005
CCP
Odagiri and
Nickerson, 1965; Mizuno and Lucey, 2005 Lee and Alais (1980)
Johnston and Murphy (1992)
SHMP
> 70 ) G’ Fig. 5-1a
Udayarajan et al. (2005) G’
SHMP
5-3-6 CCP
SHMP
Fig. 5-5 SHMP
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SHMP pH

pH 4.8
CCP Lucey
and Fox, 1993  Mizuno and Lucey (2005)  SHMP
SHMP
pH CCP
pH 6 Lucey and
Fox, 1993; Hassan et al., 2004 SHMP
pH 6 Lucey et al. (1993)
pH CCP
SHMP
SHMP
CCP CCP
CCP
CCP

data not shown SHMP
80 SHMP

> 60
Maurer-Rothmann and Scheurer, 2005
SHMP
Lee and Alais, 1980
Table 5-2

Roesler, 1966 5 TSPP  DSP data not shown
- SHMP
SHMP
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TSC SHMP
50 LT DOF
TSC 1572~2,685g  SHMP
1,892~4,490 g
SHMP
ccp
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Table 5-1 Values of independent variables of each experiment in coded and actual values for each central composite experimental design

and composition of process cheese made with SHMP for each experimental treatment.

Coded values Actual values Composition

Treatment ES Holding time ES concentration Holding time Moisture Fat

concentration (% [wiw]) (min) P (%) (%)
1 0 0 1.50 10.0 5.52 37.61 32.40
2 -1 -1 0.62 2.90 5.56 37.96 32.81
3 0 0 1.50 10.0 5.53 37.76 32.18
4 +1 +1 2.38 17.1 5.50 37.85 31.71
5 +1 -1 2.38 2.90 551 37.38 32.72
6 0 +o* 1.50 20.0 5.53 37.67 32.63
7 0 -a 1.50 0.0 5.62 37.94 32.09
8 -a 0 0.25 10.0 5.55 37.50 32.66
9 0 0 1.50 10.0 5.60 37.66 32.45
10 +a 0 2.75 10.0 5.53 37.60 31.25
11 -1 +1 0.62 17.1 5.63 37.31 32.21
12 0 0 1.50 10.0 5.58 37.60 31.68

ES: Emulsifying salt.
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Table 5-2 Second-order polynomial models describing dependent variables in
physicochemical properties of process cheese made with SHMP.

2

Dependent Independent .
) . Coefficient . 1 p-value
variables variables (adjusted)
LT at 50°C Constant 0.9776 0.86 <0.001
[ES]*** -0.2539
Holding Time** -0.1149
DOF Constant 73.75 0.87 <0.001
[ES]*** -9.445
Holding Time* -2.901
[ES]xHolding Time* -4.114
[ES] #* -3.490
TPA Hardness Constant 2517 0.96 < 0.001
[ES]*** 881.6
Holding Time* 134.0
[ES]xHolding Time* 220.8
[ES]2**=* 380.1
Chewiness Constant 1645 0.88 < 0.001
[ES]*** 601.7
[ES)*t 150.5
G” at70°C Constant 31.19 0.88 <0.001
[ES]*** 50.26
Holding Timet 10.20
[ES]*Holding Time* 19.08
[ES]** 28.59
Insoluble P (mg) per 100 g Constant 624.5 0.87 <0.001
of cheese [ES]*** 91.80
[ES]** -30.27
Insoluble P % of total P Constant 75.48 0.98 <0.001
[ES]*** -8.80
Insoluble Ca % of total Ca Constant 80.99 0.92 <0.001
[ES]** 3.684
[ES]** -1.420
Holding Time®* -0.8650
Schreiber Melt Area Constant 21.87 0.92 < 0.001
[ES]*** -5.500
Holding Time* -1.670
[ES]xHolding Time* -2.25
[ES]?*** 1.697

'R? values were adjusted for the degree of freedom.

T, *, **, and *** indicate significant differences at P < 0.1, P < 0.05, P < 0.01, P <
0.001, respectively.

[ES]: Emulsifying salt concentration.
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Fig. 5-1 Storage modulus, G' (a) and loss tangent (b), as a function of temperature for
process cheeses made with various concentrations of SHMP and the natural Cheddar
cheese used as the cheese making (A): SHMP concentrations 0.25% (w/w) (e), 1.50%
(wiw) (V), 2.75% (w/w) (m). Holding time was 10 min for all process cheese samples.

The data represents means (n = 3) while the error bars represent the standard deviation.
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Fig. 5-2 Response surface plots for the effect of concentrations of ES and holding times
on loss tangent (LT) at 50°C (a), degree of flow (DOF) at 60°C from the
UW-Meltprofiler, (b), hardness (c), storage modulus (G') at 70°C (d) and insoluble Ca as

a % of total Ca in process cheese (e).

97



Force (g)

10000

8000 - /
Y/
/,
S/
6000 e T T~ /-/'/ /
Ve - /
P S
/ Prd
] s —
4000 P //
/ d ~
2000 - y; -
. //
/ -~
Ny
y/
0 T T T
0 20 40 60 80

Strain (%)

Fig. 5-3 Stress-strain curves during uniaxial compression of process cheeses to 20% of
the original height of cheese made with various concentrations of SHMP: SHMP
concentration 0.25% (w/w) (dashed line), 1.50% (w/w) (solid line), 2.75% (w/w)
(dashed-dotted line). Holding time was 10 min for all process cheese samples. The data

represents the means (n > 5) while the error bars represent the standard deviation.
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Fig. 5-4 Changes in cheese height as a % of the original height from the
UW-Meltprofiler for process cheese made with various concentrations of SHMP and
natural Cheddar cheese used as an ingredient (A), SHMP concentrations 0.25% (w/w)
(®), 1.50% (w/w) (V) and 2.75% (w/w) (m). Cheese temperature is indicated by a
dashed line. The data represents the means (n = 3) while the error bars represent the

standard deviation.
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Fig. 5-5 Acid-base buffering curves for natural Cheddar cheese as the cheese making
ingredient (a) and process cheeses made with various SHMP concentrations 0.25%

(w/w) (b), 0.62% (w/w) (c), 1.50% (w/w) (d), 2.38% (w/w) (e) and 2.75% (w/w) (f).
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Fig. 5-6 Fluorescence micrographs showing fat droplets as light areas against a dark background (protein) for process cheese made with
various concentrations of SHMP and with the same holding time (10 min): SHMP concentration: 0.25% (w/w) (a), 1.50% (w/w) (b) and
2.75% (w/w) (c) or cooked for various holding times and same concentration of SHMP (1.50% [w/w]): Holding time, O min (d), 10 min
(b) and 20 min (e). Scale bar =50 p m.
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Fig. 5-7 Storage modulus, G, (a) and loss tangent, (b) for melted process cheeses made
with various concentrations of SHMP 0.25% (w/w) (e ), 1.50% (w/w) (O ) and 2.75%
(w/w) ('v) during holding at 80°C. The data for 1.50% SHMP level represents means
(n = 4). Other curves are single tests. Rheological measurements were started 4 min
after process cheese taken out from a cooker at 80°C for 10 min.
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6-1

TSPP
TSPP
Dimitreli

et al., 2005; Cunha and Viotto, 2010 Lucey et al. (2011)  TSPP

TSPP pH
Gupta et al., 1984; Cavalier-Salou and Cheftel, 1991;
Dimitreli et al., 2005  Mizuno and Lucey (2007)  pH 5.8

TSPP
TSPP
TSPP
pH pH TSPP
6-2

4 p. 54 4

37% 34% 26% [w/w]
669 mg/100 g, Alto Dairy Cooperative TSPP

Tetrasodium pyrophosphate, ICL Performance Products LP, St. Louis, MO, USA
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pH

50% (w/v) 88% (w/w) Fisher
Scientific
4 (p.59)
(Blentech Corp.)
pH 5.6 pH Table 6-1
5 7
4
p. 55 G’ LT
5~85 1 /min
0.08 Hz 0.5%
4 p. 56 - 804g
40 mL
05N pH 3.0 05N
pH 3.0~8.0 Hassan et al. (2004)
pH 3
TA-XT2 Texture Thchnologies Corp.
TPA
4 p. 57 17.5 mm 16 mm
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TPA
80% 20%
0.8 mm/s 5 5
Muthukumarappan et al., 1999b UW-Meltprofiler

Muthukumarappan et al., 1999a DOF
IDF (1982) IDF 1986
pH pH 420A (Orion Research)
4
p. 58
Cunha and Viotto,
2010
4 p. 60
2

Mullen and Ennis, 1979 Montgomery, 2001
Table 6-1 Statgraphics program (version 5.1 plus,
Manugistics) 3

F 4

106



6-3

6-3-1 TSPP
pH 5.56~5.67 37.5~40.3%
(wWiw) pH
Table 6-1  Treatment No. 12
(40.3% [wiw]) 4
6-3-2 TSPP
Fig. 6-1
10 min
< 30 G’
LT 35~85 (0.25% [wiw])
G’ 70
G’ 70 G’
TSPP 0.25% (w/w) G’ 40
TSPP 1.50% (w/w) G’
TSPP
40 1.50% (w/w)
LT 2.75% LT
Table 6-2 70 G’ 60 LT

Fig. 6-2a Fig. 6-2b

R?=0.81 R?=0.98) G LT
G’ 60 LT

70 G’
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1% (w/w)
Fig. 6-2a 60 LT TSPP

LT 1% (w/w) Fig. 6-2b

TSPP 1% (w/w)

TPA
R?=0.51 Udayarajan et al. (2005)
70 G’
( 1% [w/w]) TSPP

G!
6-3-3 TSPP
Figure 6-3 UW
TSPP
TSPP 0.25%
TSPP 1.50%
uw 60
R?=0.93 0.88 60 DOF TSPP
Fig. 6-2c

Fig. 6-2d  Savello et al. (1989)

TSPP

TSPP

CCP

10 min

DOF

1% (wiw)

TSPP

TSPP

Van Wazer and Callis, 1958;

Heide, 1966; Lucey et al., 2011
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6-3-4 TSPP

TSPP
R*=0.79 Table 6-2
Fig. 6-4b TSPP
Cavalier-Salou and Chaftel (1991)
TSPP
TSPP
Van Wazer and Callis, 1958; Heide, 1966; Lucey et al., 2011

TSPP
R? = 0.91, 0.68 Table 6-2
TSPP TSPP
Fig. 6-4c
TSPP
Fig. 6-4d
5
SHMP Table 5-2, p. 95
1% (wiw) TSPP

GI
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6-3-5 -

TSPP

0.25% (w/w)  TSPP

TSPP

Fig. 6-5
Fig. 6-5a

pH 6

pH 4~5

Mizuno and Lucey, 2007; Ozcan et al., 2008

Fig. 6-5b
TSPP
TSPP
TSPP
TSPP
pH 4~5 Fig. 6-5
TSPP

CCP
Mizuno and Lucey, 2005, 2007

6-3-6 TSPP

R%=0.96
1% (w/w)

(2008)

1% (wiw)

Fig. 6-4a

TSPP

110

TSPP

Table 6-2

Kawasaki



Horne, 1998
Lucey et al., 2003
TSPP
1% (wiw) TSPP
Mizuno and Lucey (2007)
TSPP TSPP

Mizuno and Lucey, 2007
1% (w/w)  TSPP

4 TSC 5} SHMP

TSPP 2
70 G’
TSPP TSC, SHMP

Mizuno and

Lucey (2007) TSPP

TSPP
TSPP

TSPP
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Table 6-1 Values of independent variables of each experiment in coded and actual values for each central composite experimental design

and composition of process cheese made with TSPP for each experimental treatment.

Coded values Actual values Composition

Treatment ES Holding time ES concentration Holding time Moisture Fat

concentration (% [wiw]) (min) PH (%) (%)
1 0 0 1.50 10.0 5.56 39.65 32.40
2 -1 -1 0.62 2.90 5.62 39.51 32.81
3 0 0 1.50 10.0 5.65 38.43 32.18
4 +1 +1 2.38 171 5.67 37.50 31.71
5 +1 -1 2.38 2.90 5.65 38.01 32.72
6 0 +o* 1.50 20.0 5.66 38.50 32.63
7 0 -a 1.50 0.0 5.60 38.89 32.09
8 -a 0 0.25 10.0 5.59 39.53 32.66
9 0 0 1.50 10.0 5.63 38.75 32.45
10 + o 0 2.75 10.0 5.66 39.11 31.25
11 -1 +1 0.62 17.1 5.61 39.93 32.21
12 0 0 1.50 10.0 5.60 40.31 31.68

ES: Emulsifying salt.
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Table 6-2 Polynomial models describing dependent variables in physicochemical
properties of process cheese made with TSPP.

Dependent Independent Coefficient R’ value
variables variables (adjusted)’ P
G'at 70°C Constant 584.1 0.81 <0.001
*%* -
ESP™ 2478
[ES]** 338.7
LT at 60°C Constant 0.5761 0.98 <0.001
ES]* 0.6352
EES} 2k 0.4761
[ES] 3x** -0.2287
DOF Constant 37.25 0.93 <0.001
ES]*** 34.50
EES} 2ok 15.17
[ES] 3**=* -17.40
Schreiber melt area Constant 12.96 0.88 <0.001
ES]** 7.761
EES}z* 4.084
[ES]** -4.949
Pellet weight Constant 7.791 0.96 <0.001
KKKk _
- i
[Holding Time] #** -0.4284
Insoluble Ca % of Constant 82.87 0.79 <0.001
total Ca [ES]*** 7.002
Insoluble P (mg) per Constant 570.3 0.91 <0.001
100 g of cheese [ES]*** 134.1
[ES)*t 27.92
Insoluble P % of total Constant 73.33 0.68 < 0.005
P [ES]** -4.184
[ES]?** 4.887

'R* values were adjusted for the degree of freedom.

T, *, **, and *** indicate significant differences at P < 0.1, P < 0.05, P < 0.01, P <
0.001, respectively.

[ES]: Emulsifying salt concentration.
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Fig. 6-1 Storage modulus, G' (a) and loss tangent (b), as a function of temperature for
process cheeses made with various concentrations of TSPP and natural Cheddar cheese
used as the cheese making (A ): TSPP concentrations 0.25% (w/w) (e ), 1.50% (w/w)
(Vv), 2.75% (w/w) (m ). Holding time was 10 min for all process cheese samples. The

data represents means (n = 3) while the error bars represent the standard deviation.
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Fig. 6-2 Response surface plots for the effect of concentrations of emulsifying salts (ES)
and holding times onstorage modulus (G') at 70°C (a), loss tangent (LT) at 60°C (b),

degree of flow (DOF) at 60°C from the UW-Meltprofiler (c), and Schreiber melt area

(d).
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Fig. 6-3 Changes in cheese height as a % of the original height from the
UW-Meltprofiler for process cheese made with various concentrations of TSPP and
natural Cheddar cheese used as an ingredient (A ), TSPP concentrations 0.25% (w/w)
(e ), 1.50% (w/w) (¥) and 2.75% (w/w) (m ). Cheese temperature is indicated by a

dashed line. The data represents the means (n = 3) while the error bars represent the

standard deviation.

116



(b)

=15
S [ ©
+: {53
2 g
g9 5§88 |
: s 2084 |
5 0 3%80 |
o : o976 |
= 72O 25 O &
- 1.50 275 0\@6 N
ES concentration (%)
(c) o
© ~
-~ 0 & 92
o 2930 77 2 o 88
E il 4’” .~
s £850 PP gz
3 24 2580
- 26 76
8 EX72

Fig. 6-4 Response surface plots for the effect of concentrations of emulsifying salts (ES)
and holding times on pellet weight (a), insoluble Ca as a percentage of total Ca in
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Fig. 6-5 Acid-base buffering curves for natural Cheddar cheese as the cheese making

ingredient (a) and process cheeses made with various TSPP concentrations 0.25% (w/w)

(b), 0.62% (w/w) (c), 1.50% (w/w) (d), 2.38% (w/w) (e) and 2.75% (w/w) (f).
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Natural Cheese

Caseins

'-
o
e,

Natural cheese matrix

i

Process Cheese

-

electrostatic repulsion

=
All ES Chelates calcium from CCP and Holding time enhances fat emulsification.
forms calcium — ES complexes. The casein The fine particles of the fat which is
molecules are dispersed because of the loss emulsified by caseins work as
of CCP from its serine residues, and “pseudo-protein” particles and reinforce the
emulsify fat in cheese matrix. structure of cheese matrix.
(15 )

Calcium citrate did not form High level of SHMP resulted in When added 1% of TSPP
cross-link network with caseins. It the formation of new calcium added, heat induced calcium
precipitated to the insoluble phosphate-casein linkages, and  pyrophosphate complex may

phase of the cheese mass. a fine-stranded network was have been formed during
Therefore the process cheese formed during cooling.  re-heating. High level of TSPP
was relatively soft and meltable. Consequently, the process resulted in excessive charge
cheese was hard and low melt. repulsion among dispersed
casein.
e A O © G mumm B
Casein molecule  CCP  Calcium  Sodium  Citrate Hexametaphosphate ~ Pyrophosphate
on on

Fig. 7-1 A schematic description of possible mechanism of each emulsifying salt used in
process cheese.
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Chapter 3 <Effect of pH on the functional properties of process cheese>

The functional behavior of process cheese was pH-dependent and strongly influenced by the type of
emulsifying salts (TSC, DSP, TSPP, SHMP).

Chapters 4 — 6 <Effect of emulsifying salt concentration and cooking time>

Investigated the effect of different concentrations of emulsifying salts and cooking times on

the functional properties of process cheese that was made with a constant pH ( 5.6).
\/ Investigated how emulsifying salts influenced the state of Ca and phosphate in process
cheese.
Chapter 4 (TSC) Chapter 5 (SHMP) Chapter 6 (TSPP)
No cross-linking Cross-linking Heat induced cross-linking
Soft, meltable Hard, less meltable Soft, less meltable
N J
Y

Ch apter [ <Application to a commercial product>

The results of these studies were successfully applied to an improvement of a commercial product and will be
used for new product developments of pasteurized process cheese or cheese products in the future.

Fig. 7-2 Flow chart from the understanding of the effects of emulsifying salts on process cheese to the application to a commercial
product of this study.
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Fig. 7-3 Thermal deformation of a process cheese product by inappropriate storage.
(a): Normal product. (b): Deformed product stored at 55  for 2 h in a packaging box.

Scale bar = 20 mm.
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(Trials A)

(Trials B)

(Trials C)

Table 7-1 Trial formulas and the results of the flowability after cooking, the degree of
flow (DOF) as indexes of heat tolerance and sensory evaluation. Trials 1-10 were made
with commercial blended emulsifying salts (Trials A). Trials 11-14 were made with
TSPP and polyphosphate salt (SHMP), TSC and others (Trials B). Trials 15-21 were
made with TSPP alone or TSPP and TSC without SHMP or others (Trials C). Trial
formulas of emulsifying salts were not disclosed because of the confidential corporate

\

information.
Trial Emulsifying salts Total Results
No. TSPP SHMP TSC Others ES Flowability DOF (%) Sensory evaluation
_Control 23.0 504
1 0.81 2.00 33.0 66.1 Same as control
2 1.07 2.20 37.0 57.8 Same as control
3 1.07 3.20 12.0 54.8 Same as control
4 1.01 2.00 33.0 53.0 Same as control
5 121 2.00 26.5 48.3 Same as control
6 1.09 2.53 20.5 459 Same as control
7 1.09 253 24.0 45.7 Same as control
8 1.09 3.20 195 43.6 Same as control
9 157 2.80 175 42.0 Same as control
L 10 161 2.40 11.0 29.5 Slightly bitter
11 1.10 2.30 355 329 Same as control
12 1.10 2.78 29.5 29.0 Same as control
Same as control
14 1.10 2.20 240 23.8 Same as control
15 1.20 1.60 255 24.0 Slightly bitter
16 151 2.20 125 21.6 Slightly bitter
17 1.30 1.80 215 20.6 Slightly bitter
18 1.40 1.40 33.0 18.7 Bitter
19 1.40 2.20 440 10.1 Same as control
20 1.40 1.80 27.0 74 Slightly bitter
21 1.60 1.60 34.0 45 Bitter
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Fig. 7-4 Optimum condition of the flowability of melted cheeses right after cooking and
degree of flow for the products. The samples from the control (yellow circle), Trials A
(blue diamonds), Trials B (red squares), Trials C (green triangles) on the Table 7-1 were
plotted.

The ranges of the flowability of the melted cheeses represented too thick, (a); the
optimum, (b), too soupy, (c) for a filling machine. The ranges of the degree of flow
(DOF) for the final products represented too high meltablility resulting in the
deformation defect, (x); the optimum, (y); too low meltability resulting in undesirable
mouth feeling or cooking application, (z). The red area represented the optimum

condition for improved products.
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Fig. 7-5 Deformation test of precut process cheese. control (a), process cheese made
with improved emulsifying salts blend (b). The cheeses were stored at 55  for 2 h.

Scale bar = 20 mm.
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