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Processed cheese spreads were made with and without whey proteins under varying cooking pH condi-
tions. The processed cheeses were cooked at one pH value and at the end of the cooking process the pH
was adjusted to the final product pH of 5.7. The rheological properties and whey protein denaturation
levels of the processed cheese spreads were measured. The rheological properties and texture of the pro-
cessed cheeses containing whey proteins could be markedly modified by varying the cooking pH during
processing, whereas those without whey proteins were unaffected. These textural modifications could
not be explained solely by the changes in whey protein denaturation during cooking. It is proposed that
the interactions of the whey proteins during cooking affect the processed cheese texture, and that these
interactions are affected by the pH of the processed cheese during processing.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Traditionally processed cheese is made by mixing and heating
natural cheese, salts, calcium chelating salts (also commonly
known as melting or emulsifying salts), water and fat. The conver-
sion of natural cheese into processed cheese was originally devel-
oped in the late nineteenth to early twentieth centuries, and was
used as a preservation measure, extending the shelf life of the
cheese. Nowadays, processed cheeses are made for reasons other
than preservation, such as for versatility, convenience and cost
reduction. With the advances in dairy technologies, new ingredi-
ents such as milk powders, whey powders, milk protein concen-
trates, caseins and caseinates are now available as ingredients for
incorporation into processed cheese (Berger, Klostermeyer,
Merkenich, & Uhlmann, 1998; Guinee, Caric, & Kaláb, 2004; Lee,
Anema, & Klostermeyer, 2004). The composition and properties
of some of these ingredients can be used to manipulate the textural
and functional properties of the resultant processed cheese.

There are limited reports on the study of the effects of whey
proteins on processed cheese properties. Ernstrom, Sutherland,
and Jameson (1980) reported that the effect of cheese base (which
contains whey proteins) in processed cheese resulted in exces-
sively firm product, but the effect on processed cheese food was
satisfactory. Gupta and Reuter (1993) investigated the effect of
whey protein concentrate (WPC) on the properties of processed
cheese and processed cheese foods. They reported a slight increase
in hardness at 10% protein replacement level, but a more signifi-
ll rights reserved.
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cant increase at 20% protein replacement level. The melt properties
of the processed cheese containing WPC were markedly reduced.
This reduction of the melt properties of processed cheese by the
addition of whey proteins has been reported on a number of occa-
sions (Gupta & Reuter, 1993; Schulz, 1976; Strandholm, Prochnow,
Miller, Woodford, & Neunaber, 1989).

Savello, Ernstrom, and Kalab (1989) reported on the addition of
native and denatured whey proteins in processed cheese made from
rennet casein or acid casein. Though a general trend of melt reduc-
tion was observed, high levels of whey protein inclusion (4.5%) in
the rennet casein system showed an increase in meltability. On
addition of native whey proteins to the rennet casein system, oil-
ing off was observed when the whey protein level was increased
above about 1.5%. Abd El-Salam, Khader, Hamed, Al-Khamy, and
El-Garawany (1997) indicated that the use of WPC in processed
cheese may be complex and possibly confounded by the use of dif-
ferent types and levels of calcium chelating salts. Mounsey, O’Ken-
nedy, and Kelly (2007) showed that the whey protein isolate (WPI)
significantly decreased the meltability of processed cheese, but the
hardness increased and then decreased above 2.6% w/w WPI. At
low levels of WPI addition, there was no significant change in hard-
ness or meltability compared with the control (no WPI).

Despite the different results reported, the general trend is that
whey protein addition to processed cheese tends to decrease the
meltability of the cheese (Collinge & Ernstrom, 1988; Gigante,
Antunes, Petenate, & Roig, 2001; Gupta & Reuter, 1993; Mounsey
et al., 2007; Savello et al., 1989; Schulz, 1976; Sood & Kosikowski,
1979), with variable effects on the firmness (Abd El-Salam et al.,
1997; Ernstrom et al., 1980; Gupta & Reuter, 1993; Mounsey
et al., 2007).
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Recent studies on heating milk have shown that the manipula-
tion of the pH at the time of heating can markedly influence the
interactions of the denatured whey proteins with the caseins
(Anema & Li, 2003; Donato & Dalgleish, 2006; Rodriguez del Angel
& Dalgleish, 2006), and that these interactions have an effect on the
rheological properties of acid gels prepared from the heated milks
(Anema, Lee, Lowe, & Klostermeyer, 2004; Rodriguez del Angel &
Dalgleish, 2006). On heating milk (90 �C/30 min) at a relatively
low pH (pH 6.5) most of the denatured whey proteins interacted
with the casein micelles, and on acidification, these heated milks
produced acid gels with a relatively low firmness. As the pH at
heating was increased from pH 6.5 to pH 7.1, less denatured whey
protein interacted with the casein micelles, the whey proteins
remaining in the serum as complexes with j-casein. The firmness
of acid gel prepared from the heated milks increased as the pH of
the heated milks was increased, so that acid gels prepared from
milk heated at a heating pH of �pH 7.1 had a firmness that was
more than double that of acid gels prepared from milk heated at
pH 6.5 (Anema et al., 2004; Rodriguez del Angel & Dalgleish,
2006). These changes in the rheological properties of the acid gels
were related to the denaturation and interaction of the whey pro-
teins, and these interactions were markedly affected by small
changes in the pH at the time of heating the milk (Anema et al.,
2004; Rodriguez del Angel & Dalgleish, 2006).

Though the ingredients, processing methods and equipment
used in processed cheese manufacture are versatile (Berger et al.,
1998; Guinee et al., 2004), processed cheese is usually prepared
(cooked) at the pH of the finished product. Due to the solubility,
interaction, and as well as the hydrolysis of the calcium chelator
salts, the final pH of processed cheese products usually ranges from
pH 5.4 to pH 5.9, depending on the processed cheese type, but is
usually around pH 5.7 (Guinee et al., 2004; Lu, Shirashoji, & Lucey,
2007). It is possible that, in processed cheese samples with added
whey proteins, the rheological properties and textural properties of
the processed cheese may be able to be manipulated by changing
the pH of the system during cooking. This work therefore reports
on the effect of processing conditions, especially the pH at cooking,
on the textural properties of model processed cheese spreads con-
taining whey proteins; these are compared with processed cheese
samples that did not have whey proteins added. Therefore, this
work examined the effect of altering the pH at cooking on the vi-
sual and rheological properties of processed cheese spreads con-
taining whey proteins (PCwhey), in comparison to those that
contained no whey proteins (PCcontrol).

2. Materials and methods

2.1. Materials

The whey protein concentrate (WPC) used was ALACEN 392,
and the rennet casein used was ALAREN 799 (90 mesh). Both were
Table 1
Levels of trisodium citrate (TSC) and citric acid (CA) added to processed cheese to attain c

Required cook pH TSC added to attain cook pH (g) CA added to attain cook pH (g)

5.62 8.64 3.57
5.71 11.43 3.57
5.87 11.43 3.20
6.07 11.43 2.80
6.27 11.43 2.42
6.55 11.43 1.85
6.66 11.43 1.66
6.80 11.43 1.47
6.97 11.43 1.09
7.60 11.43 0
supplied by Fonterra Co-operative Group, New Zealand. Sodium
chloride (NaCl), trisodium citrate (TSC) and citric acid (CA) were
supplied by BDH Laboratory Supplies, Poole, England. Sunflower
oil (AMCO brand) was obtained from Goodman Fielder, East
Tamaki, New Zealand.

2.2. Preparation of model processed cheese samples

2.2.1. Preparation of processed cheese samples with added whey
proteins

WPC (15.36 g) was added to water (67.64 g) and stirred for
�30 min to form a well dispersed solution. Rennet casein
(55.08 g) and NaCl (6 g) were added to a calcium chelator solution
containing water (170 g), TSC and CA to achieve different pH’s of
the processed cheese during cooking (see Table 1 for levels of
TSC and CA added and the cook pH achieved). The mixture was
rapidly stirred for a few minutes at room temperature where the
slurry set into a gel-like material. The WPC and gelled rennet case-
in solutions were allowed to hydrate for 12 h in a refrigerator set to
�5 �C.

Model processed cheese spreads were prepared using a 2 l
capacity Vorwerk Thermomix TM 21 blender cooker (Vorwerk
Australia Pty. Ltd., Granville, N.S.W., Australia) as described by
Lee et al. (2004). The Vorwerk cooker has temperature and speed
settings which were used to heat and stir the mixtures. The sun-
flower oil (192 g) was heated for 1 min at a temperature setting
of 100 �C and a speed setting of 1 (100 rpm). This brings the oil
temperature to �60 �C. The hydrated rennet casein, WPC and addi-
tional water (48.7 g, which includes �11 g that evaporates during
cooking) were added to the warm oil and the mixture was cooked
at a temperature setting of 90 �C for 2 min at speed 4 (�2000 rpm),
after which the temperature setting was lowered to 80 �C and held
at this setting for 5 min. The remaining CA or TSC (as shown in
Table 1) was dissolved in water (20 g) and added to the mixture.
The mixture was then cooked for a further 2 min at 80 �C at speed
4 (�2000 rpm). This late addition of CA or TSC shifts the processed
cheese from its cook pH (see Table 1) to a final pH of 5.7. The final
temperature of the molten processed cheese was �85 �C. The mol-
ten processed cheese was poured into plastic screw-cap containers
(volume 50 ml), inverted and then stored at 5 �C. The target com-
position of the processed cheese spreads was 52.1% moisture,
10.1% protein (80% casein from rennet casein, 20% whey protein
from WPC), 33.2% fat, 2.6% calcium chelating salts (ratio
TSC:CA = 3.20:1) and 2.0% minerals. This composition is typical of
processed cheese spread products (Berger et al., 1998; Guinee
et al., 2004; Lee et al., 2004).

2.2.2. Preparation of processed cheese samples with no added whey
proteins

Samples that contained no whey proteins were also prepared.
Rennet casein (69.5 g) was hydrated with TSC, CA (see Table 2
ook pH and final pH for processed cheese samples containing whey proteins.

TSC added to attain final pH of 5.7 (g) CA added to attain final pH of 5.7 (g)

2.79 0
0 0
0 0.37
0 0.77
0 1.15
0 1.72
0 1.91
0 2.10
0 2.48
0 3.57
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for levels of TSC and CA added during cooking and the cook pH
achieved), NaCl (6 g) and water (200 g). Sunflower oil (192 g), the
hydrated rennet casein, and water (104.5 g, which includes �11 g
which evaporates during cooking) was cooked as described in Sec-
tion 2.2.1. After cooking, the remaining CA (see Table 2 for levels)
was dissolved in water (20 g) and was added to the mixture. The
mass was cooked for a further 2 min at a temperature setting of
80 �C. The target composition of these processed cheese spreads
was 52. 0% moisture, 10.1% protein (all casein from rennet casein),
33.3% fat, 2.6% calcium chelating salts (ratio TSC:CA = 2.92:1) and
2.0% minerals. Again, this composition is typical of processed
cheese spread products (Berger et al., 1998; Guinee et al., 2004;
Lee et al., 2004).

2.3. Measurement of moisture content and pH of processed cheese
samples

The moisture content was measured using the rapid aluminium
foil method, while the pH was measured using a Mettler Toledo In-
Lab� 422 combination glass electrode (Mettler-Toledo GmbH,
Urdorf, Switzerland), as described by Lee et al. (2004).

2.4. Measurement of the rheological properties of the processed cheese
samples

The mechanical spectra of the samples were obtained using a
TA AR2000 rheometer (TA Instruments Ltd., Crawley, UK) at 20 �C
with a 2 cm diameter steel plate. The height of the sample was
set at 2 mm. The edge of the sample was coated with a light paraf-
fin oil, to prevent the sample from drying out. The samples were
swept from 10 Hz to 0.01 Hz at a strain 0.005. Immediately after
this, the sample underwent a pre-programmed temperature
sweep. The temperature was increased from 5 �C to 70 �C at a rate
of 1 �C/min and the mechanical spectra were recorded at a fre-
quency of 0.1 Hz and at a strain of 0.005. The ratio of G00 to G0 is ex-
pressed as phase angle in degrees.

The flow curves of the samples were obtained using the con-
trolled shear rate mode of the rheometer at 70 �C with a 4 cm
diameter, 4� stainless steel cone equipped with a moisture trap.
Light paraffin oil was applied to the rim of the samples to minimise
sample drying. Each sample was swept from 0 to 100 s�1 and then
from 100 to 0 s�1. The total run time was 4 min.

2.5. Measurement of the level of whey protein denaturation in
processed cheese samples

Whey protein denaturation was determined using sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS–PAGE),
as described in Anema et al. (2004). Processed cheese (0.1 g) was
weighed into a 2 ml Eppendorf tube. Water (0.5 ml) was added.
Three glass beads were added and the sample was dispersed by
agitating on a high speed mixer (Chiltern MT19 Auto Vortex Mixer,
Chiltern Scientific, London, UK). The sample mixture was then
clipped onto a rotation platform and rotated gently for an hour un-
til the sample dispersed in the water. Sodium acetate buffer at pH
4.31 (0.5 ml) was added, which shifts the pH of the processed
Table 2
Levels of trisodium citrate (TSC) and citric acid (CA) added to processed cheese to attain c

Required cook pH TSC added to attain cook pH (g) CA added to attain cook pH (g)

5.70 11.172 3.828
6.41 11.172 1.964
6.70 11.172 1.165
7.11 11.172 0
cheese dispersion to pH 4.6 and precipitates the casein and dena-
tured whey proteins. The precipitated proteins were separated
from the supernatants by centrifugation (14,000 rpm for 15 min)
and the supernatants containing the remaining native whey pro-
teins were analysed by SDS–PAGE. The level of whey protein dena-
turation was determined by comparing the bands for the whey
proteins in the processed cheese samples with those in a sample
of similar composition that was processed under conditions that
involved minimal heat treatment and therefore limited whey pro-
tein denaturation. This sample was made using the same formula-
tion as sample 2 (Table 1), but cooked at 60 �C for 10 min. The
whey proteins are not denatured to any significant extent at a
cooking temperature of 60 �C (Anema & McKenna, 1996; Dannen-
berg & Kessler, 1988).

3. Results

3.1. Two-step pH adjustment during cooking

In this work, processed cheese spreads were prepared using a
two-step pH adjustment process, where the processed cheese is
cooked at a pH other than its final product pH (defined as ‘‘cook
pH”), and, just before the cooking process was terminated, its pH
was then brought back to the product’s desired pH (defined as ‘‘fi-
nal pH”: in this work the final pH was 5.7). The pH variation during
cooking could be achieved by supplying the appropriate amount of
the basic calcium chelating salt (TSC) and its conjugate acid (CA), to
give the desired cook pH during processing (Table 1). The product’s
final pH of 5.7 was achieved by adding the remaining calcium che-
lating salts (TSC or CA) at the end of the cooking process (Table 1).

To confirm that the variation in the properties of the processed
cheese was due to the cook pH and not the variable addition of the
calcium chelating salts, similar experiments were conducted
where all the calcium chelating salts were added at the start of
the experiment, and the cook pH and final pH were adjusted using
strong acid and base (hydrochloric acid/sodium hydroxide). The
properties and general observations for the processed cheese sam-
ples were similar to those where a combination of acid/base cal-
cium chelating salts were used to alter pH (results not shown),
indicating that the observed effects were due to the pH at cooking.

3.2. Composition and visual appearance of processed cheese samples

Samples either contained whey proteins at 20% of the total pro-
tein (PCwhey) or contained no whey proteins (PCcontrol). For all pro-
cessed cheese samples prepared in this work, white and
homogeneous emulsions were easily formed, regardless of the
cook pH values or the presence or absence of whey protein. The
experimentally determined moisture contents of all processed
cheese samples were within ±0.2% of the target moisture and all
the final pH values were 5.7 ± 0.05.

Fig. 1 shows selected photographs of typical PCwhey samples
cooked at different pH values. The final pH of all these samples
was pH 5.7. The texture of the samples varied greatly, depending
on the cook pH. Samples obtained at a cook pH of �5.7 were very
soft and runny, could easily be poured from the cooker, and, after
ook pH and final pH of processed cheese samples that contained no whey proteins.

TSC added to attain final pH of 5.7 (g) CA added to attain final pH of 5.7 (g)

0 0
0 1.864
0 2.663
0 3.828



Fig. 1. Photographs of selected processed cheese samples. Sample without whey proteins cooked at pH 5.7 (A). Samples with whey proteins cooked at pH 5.7 (B), pH 6.7 (C),
pH 7.0 (D) or pH 7.6 (E). The final pH of all processed cheese samples was pH 5.7.
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Fig. 2. Elastic modulus (G0) for processed cheese spread samples at 20 �C plotted
against cook pH. Samples containing whey proteins (d) and samples without whey
proteins (s). All processed cheese samples had a final pH of 5.7. Error bars on
selected points represent the standard deviations of repeated measurements.
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cooling would flow when unsupported (Fig. 1B). In contrast, sam-
ples obtained at a mid-range cook pH of �6.7 were very firm and
had to be scooped from the cooker as they would not flow. After
cooling, these samples did not flow when unsupported (Fig. 1C).
The samples prepared at a high cook pH (e.g., �pH 7.0 and pH
7.6) had a soft texture again, although not as soft as those cooked
at pH 5.7 (Fig. 1D and E). The sample cooked at pH 7.6 could easily
be poured from the cooker, and, after cooling, would flow when
unsupported (Fig. 1C).

Also included in Fig. 1 is a typical PCcontrol sample (Fig. 1A). For
the PCcontrol samples, no effect of cook pH was observed, and all
samples had a soft texture similar to that of the PCwhey sample
cooked at pH 5.7, as shown in Fig. 1B. These results indicate that
the visual properties of the processed cheese samples could be
markedly altered by varying the cook pH during processing, and
that these textural differences were due to the presence of native
whey proteins in the samples during processing.

3.3. Small strain rheological properties of processed cheese samples

To examine the textural properties more quantitatively, the
rheological properties of the processed cheese samples at 20 �C
were monitored. The firmness or elastic modulus (G0) of the pro-
cessed cheese samples plotted against the cook pH for both the
PCcontrol and PCwhey samples is shown in Fig. 2. For the PCcontrol

samples, the G0 was low (�100 Pa) and was similar at all cook pH
values. However, for the PCwhey samples, a complex dependence
on cook pH was observed. At a cook pH of 5.7 the G0 was low at
about 200 Pa, although this was still higher than the PCcontrol sam-
ples. As the cook pH increased, the G0 increased to a maximum at a
cook pH of �6.7, where the G0 was �2500 Pa, more than a 10-fold
increase over the sample cooked at pH 5.7. As the cook pH was in-
creased above pH 6.7, the G0 decreased again and was about 400 Pa
at pH 7.6.

The texture of the processed cheese spread products can also be
described by their different mechanical spectra, where the elastic
modulus (G0) and viscous modulus (G00) are measured at a range
of oscillation frequencies (selected samples shown in Fig. 3). When
a viscoelastic material (such as processed cheese) is subjected to a
shear deformation, the behaviour of the material to the deforma-
tion is dependent on the ratio of the relaxation time to the recipro-
cal of the rate of deformation (i.e., the frequency of the
deformation). If the relaxation time is short relative to the recipro-
cal of the rate of deformation (low frequencies), the system has
sufficient time to return to its equilibrium state, so that a fluid-like
behaviour is observed and the viscous component (G00) is larger
than the elastic component (G0). However, if the relaxation time
is much longer than the reciprocal of the rate of deformation (high
frequencies), the system will show a solid-like character and the
elastic component (G0) is larger than the viscous component (G00).
Over a defined frequency range, a sample may have only fluid-like
behaviour (G00 > G0), have only solid-like behaviour (G0 > G00), or
show a transition from fluid-like to solid-like behaviour (G00 > G0

at low frequencies and G0 > G00 at high frequencies, with a G0 � G00

crossover at intermediate frequencies; Harrison, Franks, Tirtaatm-
adja, & Boger, 1999; Muller, 1973; Ross-Murphy, 1988).

The mechanical spectra of the PCwhey samples cooked at low pH
(�pH 5.6–5.85) displayed a G0 � G00 crossover at around 1 Hz with
G0 lower than G00 at low frequencies (<1 Hz) and G0 higher than G00

at higher frequencies. Samples with this type of mechanical spectra
have been referred to as concentrated liquids (Lee & Klostermeyer,
2001; Ross-Murphy, 1988). At a cook pH between pH 5.85 and pH
6.97, no G0 � G00 crossover was observed, and G0 was higher than G00

at all frequencies. Samples with this type of mechanical spectra
have been referred to as weak gels (Lee & Klostermeyer, 2001;
Ross-Murphy, 1988). However, at a cook pH of 7.6, the processed
cheese again assumed a softer structure, with mechanical spectra
of a concentrated liquid as a G0 � G00 crossover was observed with
G0 lower than G00 at frequencies <0.05 Hz and G0 higher than G00 at
higher frequencies (Fig. 3A). For the PCcontrol samples, the mechan-
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ical spectra were similar to those for concentrated liquids at all
cook pH values. The G0 � G00 crossover was at �1.8 Hz (Fig. 3B).

To examine the effect of temperature on the properties of the
processed cheese spread samples, the rheological properties of
the cheeses were monitored during a temperature sweep from
5 �C to 70 �C (selected samples are shown in Fig. 4). The G0 for all
samples decreased with increasing temperatures, as would be ex-
pected with the increase in thermal motion of molecules, the de-
crease in ordering of water molecules (increased entropy) and
the decrease in hydrogen bonding with increasing temperature
(Dickinson & McClements, 1995; McClements, 2005a, 2005b).

The melting point of samples is often determined by their G00/G0

ratio, expressed as phase angle in degrees. A sample is often said to
‘‘soften” or ‘‘melt” when the G00 becomes greater than G0, which is
equivalent to the point where the phase angle is greater than
45�. For the PCwhey samples, the sample at a cook pH of 6.7 had
the highest G0 and lowest phase angle throughout the temperature
range. The phase angle for this sample did not attain 45� even at
the highest temperature, indicating that the sample did not melt.
Samples with a cook pH higher or lower than pH 6.7 samples were
softer (lower G0) throughout the temperature range, and had higher
phase angles, although many of the samples did not have a phase
angle above 45 �C (e.g., the sample at a cook pH of 7.6 in Fig. 4).
The PCcontrol samples attained the highest phase angles during
the temperature sweeps, indicating that this sample became the
softest during heating.
The phase angle of all PCwhey and PCcontrol samples increased
with temperature up to a maximum and then decreased again at
higher temperatures (Fig. 4B). This is a rather unexpected observa-
tion, as it may be expected that the samples will continue to soften
with increasing temperature throughout the temperature range,
i.e., an increasing phase angle with increasing temperature. It is
unknown why the phase angle increases to a maximum and then
decreases again with increasing temperature. As this effect is ob-
served in both the PCwhey and PCcontrol samples, it cannot be attrib-
uted to the whey proteins and their denaturation at elevated
temperatures.

It has been reported that inter-protein interactions become
increasingly important with increasing temperature in both
non-fat processed cheese model systems (Lee, Buwalda, Euston,
Foegeding, & McKenna, 2003) or fat-containing processed cheese
systems (Heertje & Lewis, 1993). Lee et al. (2003) reported that
these protein interactions may be related to the ‘‘creaming reac-
tion” that is reported to occur in processed cheese during pro-
cessed cheese manufacturing (Berger et al., 1998; Heertje &
Lewis, 1993; Lee et al., 2003). Increases in inter-protein interac-
tions in the system would be expected to result in an increase in
the network structure, thus decreasing the phase angle. Hence,
the decrease in phase angle with an increase in temperature
(Fig. 4B) may be the result of increased inter-protein interactions
on further heating. Other factors such as increased hydrophobic
interactions may also become more important at elevated temper-
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atures and contribute to the decreased phase angles at these ele-
vated temperatures.

3.4. Flow curves of processed cheese samples at 70 �C

The flow curves of selected processed cheese samples, as mea-
sured at 70 �C, are shown in Fig. 5A. These plots show the shear
stress rising with increasing shear rate on the up sweep, and
decreasing with decreasing shear rate on the down sweep. There
was hysteresis between the up and down curves with the down
curves having lower shear stress at any given shear rate than the
up curves. These curves are typical of thixotropic pseudoplastic
materials. As expected, the PCwhey sample prepared at a cook pH
of 6.7 had higher shear stress and more hysteresis at any given
shear rate than those samples prepared at a cook pH of 5.7 or
7.6. The PCcontrol sample had the lowest shear stress at any given
shear rate.

For the up sweep, plots of the log (shear rate) against log (shear
stress) produced linear lines (Fig. 5B) indicating that all the pro-
cessed cheese samples were typically pseudoplastic. These plots
could be fitted using the power law relationship (r2 > 0.984);
hence, they could be described by the K and n constants defined
by the mathematical equation:

s ¼ KDn

where s is the shear stress and D is the shear rate. K is known as the
‘‘consistency index” and n is the ‘‘flow behaviour index” (Lee et al.,
2004; Muller, 1973). The latter is a measure of the departure from
Newtonian behaviour. If n = 1, the sample is Newtonian. If n < 1,
the sample shear thins during the test, and if n > 1, the sample shear
thickens.

The n and K values plotted against cook pH for the PCwhey and
PCcontrol processed cheese samples are shown in Fig. 5C. For the
PCwhey samples, the n varied from 0.15 to 0.68, indicating the sam-
ples had shear-thinning characteristics. The value of n was the low-
est whereas K was the highest at cook pH of around 6.7, which
indicates that the samples were thickest at this cook pH (Fig. 5C).
At cook pH below pH 6.7, the n increased and K decreased as the
pH decreased, and at cook pH above pH 6.7, the n increased and K
decreased as the pH increased. The PCcontrol samples had relatively
constant n and K values of around 0.9 and 1.2, respectively (Fig. 5C),
indicating that these samples had lower shear-thinning character-
istics (i.e., of lower ‘‘consistency”) than the PCwhey samples. Cook
pH had little effect on the n and K values of the PCcontrol samples
(Fig. 5C). For all processed cheese samples, the results for the flow
curves (Fig. 5A) and for the consistency and flow behaviour indices
(Fig. 5C) were consistent with those for the firmness (Figs. 1 and 2).
These rheological results indicate that the cook pH may affect the
network structure within the processed cheese, with a high degree
of network structure (more connectivity) resulting in a higher firm-
ness and greater shear-thinning characteristics.

3.5. Whey protein denaturation in PCwhey processed cheese samples

Fig. 6 shows the whey protein denaturation level for the PCwhey

samples, as estimated by SDS–PAGE analysis. About 30% of the
whey proteins were denatured in the PCwhey samples cooked at
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pH 5.7, and this level of denaturation increased with increasing
cook pH, up to a cook pH of 6.7, where about 85% of the whey pro-
teins were denatured. The levels of whey protein denaturation at
cook pH above pH 6.7 were similar, with between 85% and 90%
of the total whey protein being denatured during processing. These
results on whey protein denaturation are consistent with literature
reports, as a strong pH dependence of the denaturation has been
observed for whey proteins in milk, albeit over a narrower pH
range (Law & Leaver, 2000), as well as in synthetic milk serum
(Paulsson, Hegg, & Castberg, 1985).
4. Discussion

A few previous studies have investigated the use of whey pro-
teins in processed cheese (Collinge & Ernstrom, 1988; Gigante
et al., 2001; Gupta & Reuter, 1993; Mounsey et al., 2007; Savello
et al., 1989; Schulz, 1976; Sood & Kosikowski, 1979). Almost all
these studies indicate that the incorporation of whey proteins into
the cheese decreases the processed cheese product meltability,
which is consistent with our observations, although the effect on
melt is markedly dependent on the cook pH (Fig. 4). There have
been few reports on the effect of whey proteins on firmness of
the processed cheese, and the results that are available are often
contradictory with some reports, suggesting marked changes to
firmness, while others report smaller changes (Abd El-Salam
et al., 1997; Ernstrom et al., 1980; Gupta & Reuter, 1993; Mounsey
et al., 2007; Savello et al., 1989). The work presented here has
shown that the textural and the melt properties of processed
cheese spread samples are very dependent on the presence of
whey proteins and that these properties can be manipulated by
the cook pH.

The results shown in Figs. 1–3 show that, in the PCwhey samples,
the cook pH can have a marked effect on the textural properties of
the processed cheese. A 10-fold (or more) increase in firmness
could be achieved by altering the pH during cooking (Figs. 1 and
2). This indicates that the careful manipulation of the cook pH
would allow the texture of the processed cheese to be modified,
from a system that flows on standing (concentrated liquid), to a
system that retains structure even when unsupported (weak gel).
The observation that the PCcontrol did not show a dependency on
cook pH clearly indicates that the whey proteins are involved in
this effect (Figs. 1–3).

As native whey proteins are soluble at all pH values and will not
modify the texture of dairy products, the denaturation of the whey
proteins during processing to produce processed cheese is required
for modifying the textural properties of the processed cheese
spreads. However, a comparison between the G0 value (Fig. 2)
and the level of whey protein denaturation in the PCwhey samples
(Fig. 6) indicates that the effect of cook pH on the texture of PCwhey

processed cheese samples cannot be explained simply by differ-
ences in the level of whey protein denaturation. This is especially
evident when the cook pH is P6.5, where, the G0 of the processed
cheese spreads markedly decreased even though the level of whey
protein denaturation was similar in these samples.

It is proposed that the whey proteins are denatured during the
cooking of the processed cheese and that these denatured whey
proteins interact with other (denatured) whey proteins and casein
proteins from the rennet casein. These interactions may involve
thiol-disulphide exchange reactions between the denatured whey
proteins and between the denatured whey proteins and para-j-
casein/as2-casein; however, as these thiol-disulphide exchange
reactions are pH-dependent (Torchinsky, 1981), they may be more
important at the higher cook pH than at lower pH. The pH-depen-
dency of thiol-disulphide exchange reactions may also account for
some of the pH-dependency of the textural properties of the PCwhey
processed cheese samples, as different types of interactions (disul-
phide bonds, hydrophobic interactions, ion-pairing or salt bridges,
etc.) may be occurring to different extents as the cook pH is altered.
The pH dependence of the interactions involved in the processed
cheese, which form network structures, result in processed cheese
samples with modified network connectivity and therefore a dif-
ference in G0 and in visible firmness, compared to equivalent sam-
ples with no added whey proteins (Figs. 1 and 2).

For the PCwhey samples, the observation that the textural prop-
erties increase with cook pH to a maximum at �pH 6.7, and then
decrease again as the cook pH is increased further (Figs. 1–5)
may be a consequence of different types/extents of interactions
at the different cook pH values, e.g., a predominance of thiol-disul-
phide exchange reactions at higher cook pH when compared with
lower cook pH. However, it is also possible that there is a balance
between the rate of denaturation and the rate of interactions of the
denatured whey proteins. At lower cook pH, the denaturation rate
of the whey proteins is slower and this allows for an efficient incor-
poration of the denatured whey proteins into the processed cheese
gel structure and a strong gel network is formed. The pH depen-
dence of the texture of the processed cheese at cook pH below
pH 6.7 may simply be a consequence of the pH dependence of
the whey protein that is denatured and incorporated into the pro-
cessed cheese structure, with a stronger network as more whey
protein is denatured and incorporated (Figs. 2 and 6). This is con-
sistent with the change of mechanical spectrum from that of con-
centrated liquid at a cook pH of 5.7 to that of a weak gel at a cook
pH of 6.7 (Fig. 3).

As the cook pH is increased the rate of denaturation of the whey
proteins increases (Fig. 6). It is possible that, at a cook pH above
6.7, the rate of denaturation is so rapid that the denatured whey
proteins are aggregating at a rate that does not allow efficient
incorporation of the proteins into the processed cheese structure.
It is also possible that at a high cook pH, the increased charge on
the proteins during processing may limit the extent of intermolec-
ular interactions and therefore reduce the interconnectivity of the
network. In both these situations, a weaker gel network with lower
interconnectivity may result, when compared with structures that
are formed at cook pH 6.7. As the structure is weakened, the
mechanical spectra of the samples are again reverted to those
resembling concentrated liquids (Fig. 3).

This effect of cook pH on the denaturation and subsequent
aggregation of the proteins may be related to a change in reaction
mechanism between diffusion-limited and reaction-limited aggre-
gation processes (Horne, 1989; Ikeda, Foegeding, & Hagiwara,
1999; Vetier, Desobry-Banon, Eleya, & Hardy, 1997). Under condi-
tions where the rate of denaturation of the whey proteins is slow
(i.e., at low cook pH), the aggregation process may be diffusion-
limited, where the aggregation rate is determined by the time ta-
ken for the aggregating particles to encounter each other. This dif-
fusion-limited aggregation may dominate up to a cook pH of 6.7,
where the maximum in firmness is obtained. At higher pH (i.e.,
above pH 6.7) the rate of denaturation of the whey proteins is rapid
and under these conditions, the aggregation process may become
reaction-limited, where the rate of aggregation is determined by
the time for interacting particles to overcome the repulsive barri-
ers between the particles.

The fractal dimension is a measure of the aggregate packing
density and has been shown to be dependent on the mechanism
of aggregation (Ikeda et al., 1999; Mellema, Walstra, van Opheus-
den, & van Vliet, 2002; Vetier et al., 1997). In diffusion-limited
aggregation, a lower aggregate density is observed and a fractal
dimension of 1.7 to 1.8 is observed. In contrast, in reaction-limited
aggregation, a higher aggregate density is encountered and fractal
dimensions of 2.0 to 2.2 are observed. Studies on heat-induced
whey protein gelation have shown that the gelation mechanism



1380 S.K. Lee, S.G. Anema / Food Chemistry 115 (2009) 1373–1380
can be changed from reaction-limited to diffusion-limited aggrega-
tion processes by increasing the ionic strength of the system (Ikeda
et al., 1999). This effect of ionic strength was attributed to the
shielding of charges on the interacting proteins, thereby increasing
the aggregation probability and the dependence on diffusion of
aggregating particles. Lowering the pH of the system may have a
similar effect to increasing the ionic strength.

As reaction-limited and diffusion-limited processes give differ-
ent aggregate structures, future work examining the microstruc-
ture and fractal dimensionality of the aggregates may give useful
insights into structure–functionality relationships, and how this
may be linked to aggregation mechanisms. Although these aggre-
gation models and fractal dimensions are useful in defining aggre-
gate structures and possible mechanisms, there are some
limitations in their use, as they assume that the aggregation is irre-
versible, rigid and that no rearrangements can occur. This may not
always be the case in biological systems, such as milk protein
aggregates, where significant rearrangements may occur (Mellema
et al., 2002; Vetier et al., 1997). These biological systems often dis-
play high experimental fractal dimensions, which may be due to
extensive cluster rearrangements during aggregation or storage
(Meakin & Jullien, 1988; Vetier et al., 1997).
5. Conclusions

This work shows that different textural properties could be ob-
tained in processed cheese spreads containing whey proteins by
varying the cook pH. Varying the cook pH in a processed cheese
system containing whey proteins affected the whey protein dena-
turation and interactions to form different structures, which ulti-
mately control the rheological and textural properties of the final
product. In the samples where no whey proteins were present
(PCcontrol), varying the cook pH did not affect the textural proper-
ties of these processed cheese spreads. It is therefore highly likely
that the observed effect of cook pH on the rheological properties of
the processed cheese spreads containing whey proteins (PCwhey)
was due to the interaction of whey proteins with caseins. Under
the right environment, whey proteins, particularly b-lactoglobulin,
interact with the caseins to form a strong network structure,
resulting in a firm and self-supporting processed cheese with rela-
tively low protein concentrations and high moisture levels.

Acknowledgements

The authors would like to acknowledge the Cheese and Food
Science Research Group (and in particular Allan Main) at the Fon-
terra Research Centre for advice and support for this project. The
authors would also like to acknowledge Claire Woodhall for proof-
reading the manuscript. This project was supported by funding
from the Foundation of Research Science and Technology, Contract
Nos. DRIX0201 and DRIX0701.

References

Abd El-Salam, M. H., Khader, A., Hamed, A., Al-Khamy, A. F., & El-Garawany, G. A.
(1997). Effect of whey protein concentrate, emulsifying salts and storage on the
apparent viscosity of processed cheese spreads. Egyptian Journal of Dairy Science,
25, 281–288.

Anema, S. G., Lee, S. K., Lowe, E. K., & Klostermeyer, H. (2004). Rheological properties
of acid gels prepared from heated pH-adjusted skim milk. Journal of Agricultural
and Food Chemistry, 52, 337–343.

Anema, S. G., & Li, Y. (2003). Effect of pH on the association of denatured whey
proteins with the casein micelles in heated reconstituted skim milk. Journal of
Agricultural and Food Chemistry, 51, 1640–1646.

Anema, S. G., & McKenna, A. B. (1996). Reaction kinetics of thermal denaturation of
whey proteins in heated reconstituted whole milk. Journal of Agricultural and
Food Chemistry, 44, 422–428.
Berger, W., Klostermeyer, H., Merkenich, K., & Uhlmann, G. (1998). Processed cheese
manufacture. A JOHA� guide. OHG, Ladenberg: BK Guilini Chemie GmbH & Co.

Collinge, S., & Ernstrom, C. A. (1988). Relationship between soluble nitrogen at pH
4.6 and meltability of pasteurized process cheese food made from UF curd.
Journal of Dairy Science, 71, 71.

Dannenberg, F., & Kessler, H. G. (1988). Reaction kinetics of the denaturation of
whey proteins in milk. Journal of Food Science, 53, 258–263.

Dickinson, E., & McClements, D. J. (1995). Molecular basis of protein functionality. In
E. Dickinson & D. J. McClements (Eds.), Advances in food colloids (pp. 27–76).
Blackie Academic & Professional.

Donato, L., & Dalgleish, D. G. (2006). Effect of the pH of heating on the qualitative
and quantitative compositions of the sera of reconstituted skim milks and on
the mechanisms of formation of soluble aggregates. Journal of Agricultural and
Food Chemistry, 54, 7804–7811.

Ernstrom, C. A., Sutherland, B. J., & Jameson, G. W. (1980). Cheese base for
processing. A high yield product from whole milk by ultrafiltration. Journal of
Dairy Science, 63, 228–234.

Gigante, M. L., Antunes, A. J., Petenate, A. J., & Roig, S. M. (2001). Firmness and
melting properties of Requeijao cheese. Milchwissenschaft – Milk Science
International, 56, 560–562.

Guinee, T. P., Caric, M., & Kaláb, M. (2004). Pasteurized processed cheese and
substitute/imitation cheese products. In P. F. Fox, P. L. H. McSweeney, T. M.
Cogan, & T. P. Guinee (Eds.), Cheese: Chemistry, physics and microbiology
(pp. 349–394). Academic Press.

Gupta, V. K., & Reuter, H. (1993). Firmness and melting quality of processed cheese
foods with added whey protein concentrates. Lait, 73, 381–388.

Harrison, G., Franks, G. V., Tirtaatmadja, V., & Boger, D. V. (1999). Suspensions and
polymers – Common links in rheology. Korea–Australia Rheology Journal, 11,
197–218.

Heertje, I., & Lewis, D. F. (1993). Structure and function of food products: A review.
Food Structure, 12, 343–364.

Horne, D. S. (1989). Application of fractal concepts to the study of caseinate
aggregation phenomena. Journal of Dairy Research, 56, 535–541.

Ikeda, S., Foegeding, E. A., & Hagiwara, T. (1999). Rheological study on the fractal
nature of the protein gel structure. Langmuir, 15, 8584–8589.

Law, A. J. R., & Leaver, J. (2000). Effect of pH on the thermal denaturation of whey
proteins in milk. Journal of Agricultural and Food Chemistry, 48, 672–679.

Lee, S. K., Anema, S., & Klostermeyer, H. (2004). The influence of moisture content on
the rheological properties of processed cheese spreads. International Journal of
Food Science & Technology, 39(7), 763–771.

Lee, S. K., Buwalda, R. J., Euston, S. R., Foegeding, E. A., & McKenna, A. B. (2003).
Changes in the rheology and microstructure of processed cheese during
cooking. Lebensmittel-Wissenschaft und-Technologie – Food Science and
Technology, 36, 339–345.

Lee, S. K., & Klostermeyer, H. (2001). The effect of pH on the rheological properties of
reduced-fat model processed cheese spreads. Lebensmittel-Wissenschaft und-
Technologie – Food Science and Technology, 34, 288–292.

Lu, Y., Shirashoji, N., & Lucey, J. A. (2007). Rheological, textural and melting
properties of commercial samples of some of the different types of pasteurized
processed cheese. International Journal of Dairy Technology, 60, 74–80.

McClements, D. J. (2005a). Colloidal interactions. In Food emulsions, principles,
practices and techniques (pp. 53–94). CRC Press.

McClements, D. J. (2005b). Molecular characteristics. In Food emulsions, principles,
practices and techniques (pp. 27–52). CRC Press.

Meakin, P., & Jullien, R. (1988). The effects of restructuring on the geometry of
clusters formed by diffusion-limited, ballistic, and reaction-limited cluster–
cluster aggregation. Journal of Chemical Physics, 89, 246.

Mellema, M., Walstra, P., van Opheusden, J. H. J., & van Vliet, T. (2002). Effects of
structural rearrangements on the rheology of rennet-induced casein particle
gels. Advances in Colloid and Interface Science, 98, 25–50.

Mounsey, J. S., O’Kennedy, B. T., & Kelly, P. M. (2007). Effect of the aggregation-state
of whey protein-based ingredients on processed cheese functionality.
Milchwissenschaft – Milk Science International, 62, 44–47.

Muller, H. G. (1973). An introduction to food rheology. London: Heinemann.
Paulsson, M., Hegg, P. O., & Castberg, H. B. (1985). Thermal stability of whey proteins

studied by differential scanning calorimetry. Thermochimica Acta, 95, 435–440.
Rodriguez del Angel, C., & Dalgleish, D. G. (2006). Structure and some properties of

soluble protein complexes formed by the heating of reconstituted skim milk
powder. Food Research International, 39, 472–479.

Ross-Murphy, S. B. (1988). Small deformation measurements. In Food structure – Its
creation and evaluation (pp. 387–400). Butterworths.

Savello, P. A., Ernstrom, C. A., & Kalab, M. (1989). Microstructure and meltability of
model process cheese made with rennet and acid casein. Journal of Dairy Science,
72, 1–11.

Schulz, M. E. (1976). Preparation of melt-resistant processed cheese. United States
Patent 3 962 483.

Sood, V. K., & Kosikowski, F. V. (1979). Process cheddar cheese from plain and
enzyme treated retentates. Journal of Dairy Science, 62, 1713–1718.

Strandholm, J. J., Prochnow, R. R., Miller, M. S., Woodford, L. E., & Neunaber, S. M.
(1989). Method for controlling melting properties of process cheese. United
States Patent 4885183.

Torchinsky, Y. M. (1981). Sulfur in proteins. Oxford: Pergamon.
Vetier, N., Desobry-Banon, S., Eleya, M. M. O., & Hardy, J. (1997). Effect of

temperature and acidification rate on the fractal dimension of acidified casein
aggregates. Journal of Dairy Science, 80, 3161–3166.


	The effect of the pH at cooking on the properties of processed cheese spreads containing whey proteins
	Introduction
	Materials and methods
	Materials
	Preparation of model processed cheese samples
	Preparation of processed cheese samples with added whey proteins
	Preparation of processed cheese samples with no added whey proteins

	Measurement of moisture content and pH of processed cheese samples
	Measurement of the rheological properties of the processed cheese samples
	Measurement of the level of whey protein denaturation in processed cheese samples

	Results
	Two-step pH adjustment during cooking
	Composition and visual appearance of processed cheese samples
	Small strain rheological properties of processed cheese samples
	Flow curves of processed cheese samples at 70°C
	Whey protein denaturation in PCwhey processed cheese samples

	Discussion
	Conclusions
	Acknowledgements
	References


