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Influence of low calcium and low pH on melting
characteristics of model Raclette cheeseI
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Abstract – The aim of this study was to demonstrate the influence of calcium (Ca) reduction on
model Raclette cheese meltability using different technological and chemical methods. Analysis
was carried out on the detailed chemical, textural and rheological properties of six different
model Raclette cheeses: control Raclette cheese manufacture (CON); pre-ripening (PRE) of the
cheese milk; and addition of either 50 or 25 g of citric acid to the wash water (CA50 and CA25)
and addition of either 70 or 35 g of lactic acid to the wash water (LA70 and LA35). The
compositional analysis of the samples was carried out within the first 24 h of manufacture and
after 14 weeks of ripening. In particular, total calcium, insoluble calcium (Insol Ca), nitrogen
fractions and pH were examined as they were considered important parameters for meltability.
Total Ca and Insol Ca were both remarkably reduced in CA50 and CA25, and were increased in
PRE, LA70 and LA35 compared to the CON. The results of this study suggest that citric acid in
the wash water lowered the pH value of the Raclette cheese and chelated Ca from the colloidal
calcium phosphate, but also changed the rheologically determined melting properties. Various
parameters of the small amplitude oscillatory shear test as well as the increase in the force in the
compression test and the elevated softening and dropping points all indicated a firmer texture of
the CA50 and CA25 cheeses. However, the sensory data for CA50 revealed good “viscous”,
“ropy” and “gummy” properties of the melted cheese. The apparent discrepancy between the
sensory sensation and the rheological data seems to be related to changes in the water-binding
capacity of the protein matrix.
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摘要 – 低钙和低 pH 对 Raclette 干酪融化性的影响○ 研究了不同的脱钙技术对 Raclette 干
酪融化性的影响○ 设置 6 个实验组，分别为对照组 (CON)，预成熟干酪 (PRE) 组，在洗干
酪的水中分别加 50 g 或 25 g 柠檬酸的干酪组 (CA50 和 CA25) 和在洗干酪的水中分别加
70 g 或 35 g 乳酸的干酪组 (LA70 和 LA35)，测定了对 6 组不同 Raclette 干酪的化学、质构
和流变特性○ 分析了新鲜样品 (加工后 24 h 内) 和成熟 14 周的样品的组成○ 主要分析
了与干酪融化性相关的总钙含量、可溶性钙含量、含氮组分和 pH○ 与对照组比较，CA50
和 CA25组的总钙含量和可溶性钙含量显著降低，而 PRE、 LA70和 LA35实验组则是增加
的○ 研究结果表明干酪洗涤水中低 pH 的柠檬酸能够螯合胶体磷酸钙中的钙，同样也改变
了干酪的融化性○ 在与 CA50 和 CA25 硬度有关的质构实验中，其小幅振荡剪切实验的参
数随着压缩力的增加而增加，软度和降落点均有提高○ CA50 组的感官评价为该融化干酪
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具有好的“黏性”、“成丝状”和“胶黏性”○ 造成感官评价与流变学分析的差异可能的原因是
蛋白基质与水结合力不同○

Raclette 干酪 / 融化性 / pH / 钙 / 流变性 / 感官特性

Résumé – Influence d’une faible teneur en calcium et d’un pH bas sur les caractéristiques de
fonte d’un fromage à raclette suisse modèle. L’objectif de l’étude était de démontrer l’influence
de la diminution de la teneur en calcium sur l’aptitude à la fonte du fromage à raclette suisse en
utilisant différents moyens chimiques et technologiques. L’analyse a porté sur les propriétés chi-
miques, texturales et rhéologiques de 6 fromages à raclette suisse différents : fromage à raclette de
fabrication témoin (CON), fromage fabriqué après prématuration du lait (PRE), fromage fabriqué
avec ajout de 50 g ou 25 g d’acide citrique à l’eau de lavage (CA50 et CA25), ajout de 70 g ou 35 g
d’acide lactique à l’eau de lavage (LA70 et LA35). L’analyse de la composition des échantillons a
été effectuée dans les 24 premières heures de fabrication et après 14 semaines d’affinage. En
particulier, la teneur en calcium total (Ca), en calcium insoluble (Insol Ca), la fraction azotée et le
pH, considérés comme des paramètres importants dans l’aptitude à la fonte, ont été mesurés. Les
teneurs en Ca et Insol Ca diminuaient considérablement dans CA50 et CA25, et augmentaient dans
PRE, LA70 et LA35 par rapport au témoin CON. Les résultats de cette étude suggèrent que l’acide
citrique dans l’eau de lavage abaissait le pH du fromage à raclette et chélatait le calcium provenant
du phosphate de calcium colloïdal (CCP), mais diminuait aussi l’aptitude à la fonte déterminée par
rhéologie. Divers paramètres du test de cisaillement oscillatoire à faible amplitude ainsi que l’aug-
mentation de la force de compression et les valeurs élevées des points de ramollissement et de
goutte indiquaient une texture plus ferme pour les fromages CA50 et CA25. Cependant, les données
sensorielles pour CA50 révélaient de bonnes propriétés pour les attributs « visqueux », « filant » et
« élastique » des fromages fondus. La divergence apparente entre la perception sensorielle et les
données rhéologiques semble liée aux changements dans la capacité de liaison de l’eau de la
matrice protéique.
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1. INTRODUCTION

Swiss Raclette cheese, the most impor-
tant semi-hard cheese of Switzerland, is
mainly consumed in the melted form.
Racler in French means to scrape off the
melted cheese. The consumption of melted
Swiss Raclette cheese is widely popular
and therefore its meltability is one of its
most important functional properties. Heat-
ing causes the cheese to melt and to release
fat, and the original structure is altered dur-
ing the complex melting process. Melted fat
may coalesce and result in the separation of
fat from the protein matrix. This causes the
undesirable effect of oiling off or fat leak-
age. The re-solidification of fat during cool-
ing may bring about less homogeneous
distribution of fat and a significant alteration

in the cheese structure [13]. Above 40 °C,
milk fat is entirely liquid [36] and factors such
as the solubilization of proteins are likely to
govern the thermal softening of the cheese.

Every cheese maker has the ambition to
manufacture a product with good melting
properties within a relatively short ripening
period (12–14 weeks) by applying appro-
priate technologies for the reduction in cal-
cium content during cheese making or for
the acceleration of proteolysis during ripen-
ing. Actually, it is the interaction of several
factors that have a major impact on the
melting properties of Swiss Raclette cheese.
Proteolysis was long believed to be the most
important factor influencing the meltability
of Swiss Raclette cheese [5, 38]. Generally,
it can be said that long-chain peptides tend
to lead to a highly viscous melt, whereas
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short-chain peptides that have a higher
water-binding capacity lead to a melt of
rather low viscosity. However, for a cheese
maker it is not easy to influence this factor.
A higher water content is often associated
with accelerated ripening and enhanced
melting properties [5, 38], but it is not
possible to arbitrarily increase the water
content because the quality of the cheese
may suffer. In contrast, a strong acidification
resulting in a low pH decelerates proteolysis
but favours the solubilization and the loss of
calcium. Schluep and Puhan [40] observed
a relationship between pH, insoluble cal-
cium (Insol Ca) and the melting properties
of Swiss Raclette cheese. Similarly, various
studies conducted by the Agroscope
Liebefeld-Posieux Research Station (ALP)
confirmed that the total Ca content plays
an important role in the melting properties
of Swiss Raclette cheese [8–10]: lower Ca
contents were regularly linked to enhanced
melting properties.

It is well recognized that total Ca con-
tent, pH and proteolysis in Mozzarella and
Cheddar cheeses are critical parameters that
influence the textural and physical proper-
ties of these cheese types [2, 12, 22, 23,
27, 45]. But it is difficult to study these
parameters independently as they are inter-
related: Ca is lost from the casein particles
as the pH decreases during cheese manufac-
ture [27], and the rate of proteolysis is
increased as Ca is lost from the casein
[20, 21, 29]. The resulting lower total Ca
levels generally result in softer cheeses
and in an increase in meltability [27]. How-
ever, total Ca content alone is not the most
useful predictor of the physical melting
properties of cheese, but the Ca that is still
associated with casein, described as Insol
Ca [20].

Furthermore, reducing Ca content by
using direct acidification for making a
non-fat Mozzarella cheese increases hydra-
tion of the protein matrix, leading to a softer
cheese and a better melt [30]. The authors
observed that Ca content controls the func-

tionality of Mozzarella cheese at a pH
above 5. Such cheeses typically have higher
moisture contents. Lee et al. [24] concluded
from their results that Cheddar with pH val-
ues below 5.0 exhibited markedly different
interactions and very low meltability com-
pared with cheese with pH above 5.0. Also,
the study carried out by Joshi et al. [22]
revealed a limited benefit of the calcium-
controlling effect: a reduction in Ca beyond
35% was not greatly beneficial in improving
the melt of Mozzarella cheese. Thus, it
seems that the meltability of cheese cannot
be improved arbitrarily by reducing the Ca
content or the content of Insol Ca beyond
a certain point.

The manufacture of Cheddar and
Mozzarella cheese differs greatly from that
of a Swiss Raclette cheese. Formerly, melt-
ing properties of Swiss Raclette cheese were
measured by using the softening and drop-
ping point method [1, 7, 39]. In recent stud-
ies, a dynamic small amplitude oscillatory
shear test was used that allowed the simulta-
neous determination of various parameters,
such as the elastic modulus G′, the viscous
modulus G″ and the maximum of the loss
tangent (LTmax). The storage modulus G′
is a measure of the energy stored and
released per oscillation cycle, which can
be used as the index of rigidity or elastic
characteristics (and when it decreases, it
indicates softening of the cheese). LT indi-
cates the ratio of viscous to elastic proper-
ties and is related to the relaxation of
bonds in the matrix [26, 34]. LTmax indi-
cates the point of highest bond mobility
and is often used as a reliable index of melt-
ability or flowability [37]. Low LT values
indicate insufficient time for the relaxing
of bonds and insufficient meltability. When
LTmax is not reaching a value of 1, there is
no flow and only a weakening of the struc-
ture occurs. Lucey et al. [29] showed that
the increase in LT occurs at temperatures
above the complete melting point of
the milk fat (≈ 40 °C) and, therefore,
must be caused by changes in the bonds
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and interactions involving the proteinmatrix.
Similarly, the G′-G″ crossover (transition
temperature) was previously considered to
be a good indicator of cheese meltability
[28, 42] and re-solidification. The values of
the dynamic moduliG′ andG″ are indicators
of the numbers and the strength of bonds
present in the cheese system. Their decrease
during heating indicates a loss of network
structure. Flow may occur when the viscous
modulus (G″) becomes greater than the elas-
tic modulus (G′). The crossover points are
calledmelting point (SMP) and solidification
point (ERP), respectively. The complex
viscosity (η*) at the transition points SMP
and ERP and during cooling at 60 °C was
calculated by the software.

The aim of this study was to examine the
influence of Ca on the melting properties of
Raclette cheese by varying the contents of
total and Insol Ca. For these purposes, dif-
ferent technological and chemical variants
were chosen, which induce a remarkable
pH reduction in order to extract Ca from
the protein matrix during the manufacture
of model Raclette cheese.

2. MATERIALS AND METHODS

2.1. Manufacture of model cheeses

The Raclette cheeses were produced in
the pilot plant of ALP according to the man-
ufacturing protocol shown in Figure 1.

The pH of the cheeses was measured
after 0, 1, 2, 3, 4 and 24 h, and at the end
of ripening (14 weeks). Total lactic acid,
galactose and water were determined after
24 h. Ca in whey, water, fat, sodium chlo-
ride, total nitrogen (TN), water-soluble
nitrogen (WSN), pH 4.6 soluble nitrogen
(SN 4.6), non-protein nitrogen (NPN),
which is the 12% trichloroacetic acid solu-
ble fraction, total calcium (Ca) and water-
soluble calcium (WSCa), as well as the
sensory characteristics were determined at
the end of ripening (14 weeks).

2.2. Experimental design

Five variants and one control with one
repetition were produced in the pilot plant
of ALP. Thus, a total of six cheeses were
produced per day from the same milk. The
experimental variants were as follows:

� Pre-ripening of the vat milk followed by
pasteurization: the milk was pre-ripened
with 5‰ Lactococcus lactis 17 (ALP,
Switzerland) at 16 °C for 15 h. Pasteuri-
zation in the vat followed, according to
the manufacturing shown in Figure 1.
The stirring period before scalding was
adjusted in order to compensate the fas-
ter coagulation and to keep the total time
of the manufacturing process constant.

� Addition of 50 g citric acid (100 g/100 L):
the wash water was supplemented
with 50 g of citric acid (C6H8O7·H2O,
Dr. Grogg Chemie, Berne, Switzerland).
The pH of the whey was 5.33.

� Addition of 25 g citric acid (50 g/100 L):
the wash water was supplemented with
25 g of citric acid (C6H8O7·H2O,
Dr. Grogg Chemie, Berne, Switzerland).
The pH of the whey was 5.83.

� Addition of 70 g of 90% lactic acid
(140 g/100 L): the wash water was sup-
plemented with 70 g of 90% lactic acid.
The pH of the whey was 5.33.

� Addition of 35 g of 90% lactic acid
(70 g/100 L): the wash water was sup-
plemented with 35 g of 90% lactic acid.
The pH of the whey was 5.83.

The addition of citric and lactic acids
was aimed at achieving the same pH values
in the whey. The addition of lactic acid in
place of citric acid was chosen as the lactic
acid does not have the chelating properties
of citric acid. Thus, the use of the two acids
allowed studying the impact of pH reduc-
tion and chelation on the total Ca and Insol
Ca contents in the cheese.

Table I presents the experimental setup
of this study. The control cheese was
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manufactured according to the protocol
shown in Figure 1, without overnight pre-
ripening of the milk and without additives
to the wash water. The additives, added
with the wash water to the curd, remained
at maximum 35 min in the curd before
pressing.

2.3. Compositional analysis

L- and D-Lactic acids and galactose were
analysed enzymatically according to the
instructions supplied by the kit manufacturer
(Roche Diagnostics, Mannheim, Germany).

The water content of cheese was deter-
mined by the gravimetric method of the
Swiss Food Manual [43] and IDF [14].
Fat in cheese was determined by the Gerber
Van Gulik method [18, 19]. Sodium chlo-
ride was obtained using the potentiometric
titration method [15]. Ca in cheese and in
water extract was determined using atomic
absorption spectroscopy according to [16].
The water extract for the analyses of soluble
Ca was the same as for the determination of
WSN. The content of Insol Ca was calcu-
lated from the difference in the contents of
total Ca and soluble Ca.

50 L milk (33 g.kg−1 fat) 
↓
Pasteurization at 70 °C 
↓
Addition of 10 mL CaCl2 35% (Dr. Grogg Chemie, Berne, Switzerland) 
↓
Cooling to 28 °C and addition of a starter culture (RSW 901, ALP, Switzerland) 
↓
Pre-ripening of vat milk at 28−32 °C for 45 min 
↓
Addition of water (1 L) and rennet extract (8 mL, Hansen Standard 225) 
↓
Coagulation at 32 °C for 35 min 
↓
Cutting (grain size: 15−25 mm) 
↓
Stirring for 15 min 
↓
Scalding to 35 °C during 10 min (+22 L water) 
↓
Stirring for 25 min at 35 °C 
↓
Pressing room
(30 °C  for  45 min,  the  remaining  time  without  climate control) 
Pressure:  3 bars  for 15 min and 4 bars for 30 min 
Turning of the loafs after 15, 30, ~90 min and ~5 h 
↓
When pH under the press reached the value of 5.2 (after 4−6 h),  
brining for 1 day at 11−13 °C 
↓
Smear ripening at 10−11 °C (90−96% relative humidity) for 14 weeks 

Figure 1. Manufacturing protocol of experimental model Raclette cheese (ALP).

Meltability of model Raclette cheese 467



TN, WSN, SN 4.6 and NPN were
determined by the Kjeldahl method with a
Vapodest 50 digestion and distillation unit
according to [4, 17].

2.4. Sensory analysis

The sensorial evaluation of the melted
Raclette cheeses was performed after heat-
ing (2 min 15 s) a slice of cheese (60 ×
60 × 5 mm) in a commercially available
Raclette table oven (Stöckli Cheeseboard
V8 1100 W, Stöckli AG, Netstal,
Switzerland). The cheese slices were heated
each in a small pan at maximum heating
position, the temperature reaching 80 °C
in the middle of the melted cheese. The
cheese was then scraped on a plate and
tested after 30 s by six experts as described
by Fröhlich-Wyder et al. [9]. The tempera-
ture in the middle of the melted cheese on
the plate reached 60 °C. The following
characteristics were tested: “fat separation”,
“viscosity”, “ropy” and “gummy” on a
1–5-point scale, with 5 indicating excellent
and 1 insufficient. Good quality of themelted
cheese denotes no fat separation, low viscos-
ity, no ropiness and no gumminess.

2.5. Sample preparation and small
amplitude dynamic oscillatory
shear testing

Dynamic oscillatory measurements were
performed using a Physica MCR 300

Rheometer (Physica Messtechnik, Stuttgart,
Germany) using a profiled parallel plate
geometry to avoid “wall slip” (PP25 pro-
filed). The sample preparation and the rheo-
logical procedure (frequency: 10 rad·s−1

and maximum shear strain: 0.5%) were
based on the method developed by
Guggisberg et al. [10].

Udayarajan et al. [44] had observed a
frequency dependence of the rheological
properties, such as the dynamic moduli
and LT, when increasing the temperature
above 40 °C. In our study, a constant and
rather medium frequency of 10 rad·s−1

was used for all the experiments. For this
reason, a direct comparison of rheological
values with other published data may be
difficult.

Changes in viscoelastic properties (stor-
age modulus G′ and loss modulus G′′) were
analysed during heating from 20 to 80 °C
and back to 20 °C were analysed in 60 min.

The following characteristic reference
points in the rheogram were evaluated:

� G′ and G′′ (at 20 °C) at the start of the
experiment.

� The transition temperature (G′-G′′ cross-
over, melting point (SMP) during heat-
ing from 20 to 80 °C).

� The maximum of the loss tangent
(LTmax) and the corresponding tempera-
ture during heating from 20 to 80 °C.

� Complex viscosity (η*) at the transition
temperature during heating.

� G′ and G′′ (at 80 °C).

Table I. Experimental setup (day 1).

Vat Variant Abbreviation

1 Control (according to Fig. 1) CON
2 Pre-ripening of the vat milk PRE
3 50 g citric acid (100 g/100 L), added with the wash water CA50
4 70 g lactic acid 90% (140 g/100 L), added with the wash water LA70
5 25 g citric acid (50 g/100 L), added with the wash water CA25
6 35 g lactic acid 90% (70 g/100 L), added with the wash water LA35
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� Transition temperature (G′-G′′ cross-
over, solidification point (ERP) during
cooling from 80 to 20 °C).

� Complex viscosity (η*) at the transition
temperature during cooling.

� Complex viscosity (η*) at 60 °C during
cooling.

2.6. Compression test

The same experiment as described in
Section 2.5 was performed with the follow-
ing modification: when the temperature
decreased from 80 to 60 °C, cooling was
stopped and a compression test was initiated
for 800 μm with a constant compression
speed of 15 μm·s−1. The maximum force
was determined.

2.7. Softening and dropping point
method

The softening (EP) and dropping points
(TP) were evaluated using the automatic
Mettler-Thermosystem FP 800 system
(Mettler-Toledo, Greifensee, Switzerland)
according to Eberhard et al. [5, 7].

2.8. Statistical analysis

The variance of the response variables
was analysed with SYSTAT (Systat for
Windows, Version 11.0, Systat Software
Inc., San Jose, CA 2004) using general lin-
ear model. Once it was determined that the
means of the variants were different, a
post hoc test was performed in order to find
out which variant differed from the control.
Since the Dunnett test is only available with
one-way designs, a Fisher’s LSD test with a
Bonferroni adjustment was carried out.
For these purposes, the P value from the
Fisher’s LSD test was multiplied by the
number of variants minus one, in our case
thus five.

3. RESULTS AND DISCUSSION

3.1. Compositional analyses

3.1.1. Analyses within the first
24 h of cheese manufacture
with special emphasis on pH
values

As expected, the chosen technological
and chemical variants were able to induce
varying pH gradients, not only during initial
manufacture but also during ripening.
Already in the 1-day-old cheeses, there were
marked, but not significant, differences
between the variants in the cheese trial. The
addition of either citric or lactic acid brought
about reduced contents of water and lactic
acid compared to the control (Tab. II). As
intended, the pH values varied markedly
between the variants. Figure 2 shows the
differences in the pH development during
manufacture and ripening of the cheeses.
CA50 and LA70 had the most drastic effect
on pH reduction, which occurred during the
initial manufacture when the supplemented
wash water was added. This subsequently
led to a comparatively flat pH gradient with
the lowest values both at the beginning
(0 h) and at the end (14 weeks) of ripening,
but the highest pH values after 24 h com-
pared to the CON and other variants
(Fig. 2). In contrast, the CON cheeses exhib-
ited the highest pH values both at the begin-
ning (0 h) and at the end (14 weeks) of
cheese ripening, and the lowest values after
24 h. PRE was the only variant with a low-
ered pH value before coagulation. This led
to a shortening of coagulation time by
15 min and compared to CON cheeses to a
lower pH value at the time of draining.

3.1.2. Chemical characterization
of the model Raclette cheeses
after ripening

After a ripening period of 14 weeks, the
water content of the CON cheeses was still
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higher than the other variants (Tab. III).
However, significant differences were found
neither for the fat nor for the sodium chlo-
ride content. Only the proportion of non-
protein nitrogen as a percentage of soluble
nitrogen at pH 4.6 (NPN of SN 4.6)
presumed an effect of the variants, indicat-

ing that LA70 (and probably also CA50)
contained a higher proportion of long-chain
soluble peptides. This could be a result of
enhanced clotting enzyme activity and
reduced bacterial peptidase activity due to
lower pH value and water content in the
cheese.

5.0

5.2

5.4

5.6

5.8

6.0

6.2

6.4

6.6

6.8

Coa
gu

lat
ion

Fab
ric

ati
on 0 h 1 h 2 h 3 h 4 h 24

 h
14

 w

pH
 v

al
ue

CON
PRE
CA50
LA70
CA25
LA35

Figure 2. pH gradients in the experimental Raclette cheeses (mean values, n = 2). CON, control
Raclette cheese; PRE, pre-ripening; CA50 and CA25, addition of 50 or 25 g of citric acid,
respectively; and LA70 and LA35, addition of 70 or 35 g of lactic acid, respectively.

Table II. Galactose, lactic acid, water and pH of experimental Raclette cheese after manufacturing
(24 h).

Variant
(n = 2)

Galactose
(mmol·kg−1)

Lactic acid
(mmol·kg−1)

Water
(g·kg−1)

pH

CON 4.5 170.0 530.5 5.08
PRE 4.2 159.0 508.5 5.09
CA50 4.2 136.5 500.5 5.19
LA70 4.0 134.5 481.5* 5.25
CA25 3.7 159.5 491.5 5.11
LA35 3.8 155.5 502.0 5.13
P value ANOVA
Variant n.s. n.s. 0.079 n.s.
Day * n.s. n.s. n.s.

* P ≤ 0.05; n.s., not significant; asterisks in the same row show significant differences from the control;
ANOVA, analysis of variance; day, day of cheese production; CON, control Raclette cheese; PRE, pre-
ripening; CA50 and CA25, addition of 50 or 25 g of citric acid, respectively; and LA70 and LA35,
addition of 70 or 35 g of lactic acid, respectively.
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In comparison to commercial Swiss
Raclette cheeses that usually have a mean
water content of ~ 410 g·kg−1 [10], the
water content of all model Raclette cheeses
was considerably higher. Such a divergence
will have an influence on the characteristics
of the cheese. A higher water content is
known to accelerate proteolysis and to have
a positive effect on meltability [6, 38]. Fur-
thermore, a higher residual lactose as a
result of the higher water content leads to
a greater acidification, and thus, to a greater
extraction of Ca from the protein matrix. As
is expected, the pH with a mean value of 5.3
in the ripe cheeses was lower compared to
commercial Swiss Raclette cheeses, where
pH values of 5.6–5.7 are generally found
[10]. The model Raclette cheeses, in fact,
also revealed lower Ca contents (Tab. IV)
than commercial Swiss Raclette cheeses that
generally have a mean total Ca content of
6.5 g·kg−1 [10]. In comparison, Cheddar
cheese lies in the range of 7–8 g·kg−1 [24,
29] and Mozzarella cheese in the range of
5.5–6.5 g·kg−1 [22]. However, for experi-
mental reasons, the same authors produced
cheeses with significantly lower Ca contents
reaching 5 g·kg−1 in Cheddar and even
3.5 g·kg−1 in Mozzarella.

3.1.3. Investigation of total Ca
and Insol Ca contents

Extraction of Ca was lowest in the CON
and PRE cheeses, which was also confirmed
by the lower Ca contents in the whey of the
two variants (Tab. IV). The highest Ca loss
with whey was obtained with the variants
CA50 and LA70. The pH value at the start
of cheese pressing (pH at 0 h, Fig. 2) corre-
lated highly significantly with the Ca con-
tent of the whey (Fig. 3). A strong pH
reduction during initial manufacture
enhances the solubilization of Ca and leads
to a stronger syneresis of the curd that
favours the extraction of Ca from the
protein matrix [27]. As expected, CA50
cheeses had the lowest total Ca content.
Surprisingly, the content of total Ca in the
PRE cheeses was even higher than in the
CON cheeses. The weak pH reduction in
the pre-ripened vat milk resulted in a short-
ening of the coagulation time by 15 min. It
is likely that these conditions favoured a
stronger syneresis directly after cutting,
before a sufficient solubilization of Ca was
achieved, favouring the development of
a dense protein matrix with poor Ca
extraction. A similar effect was observed

Table III. Chemical composition of experimental Raclette cheese after ripening (14 weeks).

Variant (n = 2) Water (g·kg−1) Fat (g·kg−1) NaCl (g·kg−1) NPN of SN 4.6 (%)

CON 493.0 245.3 28.0 76.8
PRE 468.3 254.5 27.4 75.9
CA50 485.3 267.0 27.0 63.6
LA70 445.3 270.5 26.6 59.2*

CA25 464.5 257.9 26.5 71.8
LA35 467.3 259.0 26.4 68.6
P value ANOVA
Variant n.s. n.s. n.s. *

Day n.s. n.s. n.s. n.s.
* P ≤ 0.05; n.s., not significant; asterisks in the same row show significant differences from the control;
ANOVA, analysis of variance; day, day of cheese production; NaCl, sodium chloride; TN, total nitrogen;
SN 4.6, soluble nitrogen at pH 4.6; NPN, non-protein nitrogen; CON, control Raclette cheese; PRE, pre-
ripening; CA50 and CA25, addition of 50 or 25 g of citric acid, respectively; and LA70 and LA35,
addition of 70 or 35 g of lactic acid, respectively.
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for the variant LA35 with a weak acidificat-
ion of the wash water.

Although the variants LA70 and CA50
had comparable pH values at the end of

manufacture and similar Ca contents in the
whey (Fig. 3), they differed considerably
in the total Ca content of the cheese
(Tab. IV). While CA50 cheeses showed

Table IV. Calcium contents in whey (24 h) and cheese (14 weeks).

Variant
(n = 2)

Ca in whey
(mg·kg−1)

Total Ca
in cheese
(mg·kg−1)

WSCa
in cheese
(mg·kg−1)

Insol Ca
in cheese

(%)

pH
in cheese

CON 311 4809 3683 23.4 5.35
PRE 313 5289 3744 29.1 5.34
CA50 422** 3846 3420 11.1 5.18
LA70 386* 4884 3747 23.2 5.27
CA25 337 4653 3818 17.8 5.28
LA35 340 5104 3727 26.9 5.30
P value ANOVA
Variant ** * n.s. 0.071 n.s.
Day n.s. n.s. n.s. n.s. n.s.

* P ≤ 0.05; ** P ≤ 0.01; n.s., not significant; asterisks in the same row show significant differences from the
control; ANOVA, analysis of variance; day, day of cheese production; Ca, calcium; WSCa, water-soluble
calcium; Insol, Insoluble; CON, control Raclette cheese; PRE, pre-ripening; CA50 and CA25, addition of 50
or 25 g of citric acid, respectively; and LA70, LA35, addition of 70 or 35 g of lactic acid, respectively.

Figure 3. Calcium content and pH value of whey at the end of manufacture (R = −0.923,
P ≤ 0.001, confidence interval on the regression line: 0.95). CON, control Raclette cheese; PRE,
pre-ripening; CA50 and CA25, addition of 50 or 25 g of citric acid, respectively; and LA70 and
LA35, addition of 70 or 35 g of lactic acid, respectively.
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a strong reduction in the total Ca, LA70
cheeses contained almost the same Ca con-
tent as the CON cheeses. This differing
behaviour seems to be related to the chelat-
ing properties of citric acid sequestering Ca
from the protein matrix and, therefore,
decreasing the number of colloidal calcium
phosphate (CCP) cross-links [35]. The rela-
tively low content of total Ca in CON
cheeses can only be explained by the strong
lactic acid fermentation during the first
24 h, leading to a considerable loss of Ca
under the press and in the brine. Thus, the
Ca content of the whey at the time of
draining is not always a reliable indicator
for the Ca content found in cheese. The
moment and the extent of pH reduction
during cheese making seem to be crucial
for the extraction of Ca from the protein
matrix.

The number and the stability of the
remainingCCPcross-links, specified as Insol

orboundCa, are affecting themelting proper-
ties of cheese. Several studies indicate that
boundCa is slowly solubilizedwithin thefirst
2–3 months of cheese ripening due to the
breakdown of the protein matrix
[20, 29, 40]. In this study, a good correlation
between the content of Insol Ca and the pH
value in the ripe model Raclette cheeses
was obtained (R = 0.846). The lower the
pH value, the less bound Ca was detected
(Fig. 4). Insol Ca correlated highly signifi-
cantly with total Ca in the model Raclette
cheeses (R = 0.956), which is in agreement
with the results obtained in Mozzarella
cheese by Metzger and coworkers
[31–33]. These findings imply that the
adjustment of pH and total Ca content
during cheese making is essential in order
to control the meltability of Raclette cheese.
High initial contents of Insol Ca can be
compensated only by an adequate break-
down of the protein matrix.

Figure 4. Insoluble calcium content and pH value in the ripened model Raclette cheeses
(R = 0.846, P ≤ 0.001, confidence interval on the regression line: 0.95). CON, control Raclette
cheese; PRE, pre-ripening; CA50 and CA25, addition of 50 or 25 g of citric acid, respectively; and
LA70 and LA35, addition of 70 or 35 g of lactic acid, respectively.
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Figure 5. Dynamic small amplitude oscillatory shear test performed with model Raclette cheeses
sorted by the Ca content: CA50 with pH 5.20 (a), CA25 with pH 5.25 (b), CON with pH 5.35 (c),
LA70 with pH 5.24 (d), LA35 with pH 5.28 (e) and PRE with pH 5.39 (f). G′, storage modulus; G′′,
loss modulus and tan(δ), loss tangent as a function of increasing temperature. CON, control Raclette
cheese; PRE, pre-ripening; CA50 and CA25, addition of 50 or 25 g of citric acid, respectively; and
LA70 and LA35, addition of 70 or 35 g of lactic acid, respectively.
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3.2. Rheological analyses

Figures 5a–5f represent the rheograms of
the six Raclette cheese variants from day 1

sorted by ascending Ca content (data from
day 2 were comparable and are not shown).
The G′ and G′′ of all samples decreased
as the temperature increased from 20
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Figure 5. Continued.
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to 80 °C. The decrease in G′ is related to
softening of the cheese sample. The LT val-
ues increased sharply at about 40–50 °C and
exhibited a maximum (LTmax) between 65
and 80 °C. This maximum reflects the point
of highest bond mobility [29]. Due to the
rather low Ca content of 3.9–5.5 g·kg−1 in
the experimental cheeses, generally lower
LTmax were obtained in comparison to com-
mercial Swiss Raclette cheese (typical Ca
content 6.5 g·kg−1 with LTmax values from
2 to 2.5). In contrast to the cheeses of the
variants CON, LA70, LA35 and PRE
(Figs. 5c–5f), no crossover point was found
for CA50 and CA25 cheeses.

The rheological data obtained during
heating from 20 to 80 °C and cooling back
to 20 °C of the six model Raclette cheese
variants are summarized in Table V. As no
crossover was found for CA50, no SMP
and ERP could be determined. Therefore,
no complex viscosity at the crossover point
(SMP and ERP) could be calculated.
Numerically, a value of 80 °C was assigned
for CA50 to SMP and ERP and the corre-
sponding values of the complex viscosity
were calculated in order to evaluate statisti-
cal values.

A high correlation was found between
SMP and ERP (r = 0.98). A low ERP is
especially desirable for cheese manufactur-
ers because cheese will remain fluid in the
consumer’s plate over a longer period. In
contrast to commercial cheese samples, both
SMP and ERP tended to reach high levels
in our experiment, especially for CA50
and CA25.

At the beginning of the experiment at
20 °C, G′ and G′′ were significantly higher
for CA50 as compared to the PRE. The
higher G′ and G′′ values for CA50 indicate
a greater “firmness”. Shirashoji et al. [41]
had found higher G′ and hardness values
for processed cheese with high additions
of trisodium citrate. PRE had even lower
levels of G′ and G′′ at 20 °C at the begin-
ning of the experiment compared to CON.
Choi et al. [3] had found similar results

where G′ values at 20 °C decreased as a
result of acidification of milk before
manufacture.

A similar phenomenon was observed for
G′ and G′′ at 80 °C. Very high levels were
found for CA50 and CA25 compared to
CON, again suggesting either additional or
stronger bonds inside the casein network
for CA50 and CA25. The elastic properties
of CA50 were always dominant over the
viscous properties even at 80 °C. The struc-
ture remained “solid-like” from 20 to 80 °C.

The LTmax was small for CA25 (1.4) and
even below 1 (0.9) for CA50. The latter
cheese had a Ca content of 3.8 g·kg−1 and
a pH of 5.18. PRE with a Ca content of
5.5 g·kg−1 and a pH value of 5.39 clearly
showed the highest LTmax at 1.7. For
92 commercial samples of Swiss Raclette
cheese with an average Ca content of
6.5 g·kg−1 and a pH of 5.7, LTmax values
between 2.0 and 2.5 were observed in a
study by Guggisberg et al. [10]. LTmax cor-
related highly negatively (r = −0.916) with
G′ at 20 °C at the beginning of the experi-
ment (firmness), which is in agreement with
the results found by Lu et al. [25].

In Table VI, the results of the compres-
sion test and of the softening (EP) and drop-
ping point (TP) experiment are summarized.
The smallest force in the compression test
was measured for PRE, whereas CON,
LA70 and LA37 showed medium forces
and CA50 and CA25 tended towards the
highest values. It is assumed that addition
of citric acid could have increased the
water-binding capacity. The maximum force
was found for CA50, the variant with the
lowest LT and highest G′ at 20 and 80 °C.
Accordingly, a high correlation between G′′
at 80 °C and the compression force was
found (r = 0.924). A significantly higher
EP was observed for CA50. Both EP
and TP tended towards very high levels
for CA50 and CA25. EP was positively
correlated with SMP (r = 0.879), ERP
(r = 0.854) and TP (r = 0.838). Schluep
and Puhan [40] reported that Swiss Raclette
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Table V. Rheological data of model Raclette cheese after 14 weeks of ripening.

Variants
(n = 2)

SMP
(°C)

ERP
(°C)

G′
(20 °C)
(Pa)a

G′′
(20 °C)
(Pa)a

G′
(80 °C)
(Pa)

G′′
(80 °C)
(Pa)

tan σmax

(20–80 °C)
η*

(SMP)
(Pa·s)

tan σmax

(80–20 °C)
η*

(ERP)
(Pa·s)

η*
(60 °C)
(Pa·s)b

CON 66.8 59.1 76 875 22 960 259.3 308.3 1.4 79.2 1.4 202.0 185.2
PRE 66.0 56.9 64 685 20 395 166.4 286.3 1.7 123.8 1.7 274.2 215.6
CA50 80.0c 80.0c 108 650 34 365 418.4 296.5 0.9 51.3 0.9 51.3 121.2
LA70 64.9 54.6 81 000 26 560 157.7 228.5 1.7 95.0 1.7 213.2 140.0
CA25 71.9 67.8 80 160 24 960 290.6 294.9 1.4 74.0 1.3 145.3 184.4
LA35 66.4 56.8 70 105 21 985 198.3 270.2 1.5 82.9 1.5 201.3 188.8
P value
ANOVA
Variant n.s. 0.069 * * n.s. n.s. n.s. n.s. n.s. 0.067 *

Day n.s. n.s. n.s. n.s. * * n.s. n.s. n.s. n.s. n.s.

* P ≤ 0.05; n.s., not significant; CON, control Raclette cheese; PRE, pre-ripening; CA50 and CA25, addition of 50 or 25 g of citric acid, respectively; and
LA70 and LA35, addition of 70 or 35 g of lactic acid, respectively.
a At the beginning of the experiment.
b During cooling.
c No SMP and ERP detected.
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cheese samples with good melting proper-
ties meet the following three conditions:
(1) TP below 65 °C, (2) difference
(TP − EP) below 9 °C and (3) an index
value (TP × difference/100) < 7. With the
exception of CA50 and CA25 cheeses
whose TP values exhibited very high levels,
all experimental cheeses fulfilled these three
conditions. The results of the compression
test and of the EP and TP experiments are
in good agreement with the rather distinct
behaviour of CA50 and CA25 cheeses
observed in the dynamic small amplitude
oscillatory shear test. The CA variants espe-
cially showed high firmness and atypical
melting properties, suggesting a different
molecular structure. It is assumed that addi-
tion of citric acid dissolved, similar to the
manufacture of processed cheese, part of
the CCP, and thus increased the water-
binding capacity of the protein matrix, lead-
ing to a firmer texture and atypical melting
properties of CA50 and CA25 cheeses. The
effects of the different technological and
chemical variants on LT are represented in
Figure 6. At very low Ca concentrations
(Ca < 4.7 g·kg−1) and low pH values

(< 5.25), LTmax remained low and G′ stayed
greater than G′′ indicating a dominance of
“solid-like” rheological properties. In other
studies [24, 30], the meltability was also
reduced (low LTmax) at pH values below
5.0. However, at higher concentrations of
Ca and higher pH, “liquid-like” rheological
properties dominated (G′′ > G′). The results
of the rheological analyses suggest that both
the Ca content and the pH value strongly
influence the melting properties of Raclette
cheese. The influence of low pH and low
Ca content on LT values could be clearly
demonstrated. LTmax values were positively
correlated with total Ca (r = 0.802) and
Insol Ca (r = 0.821).

3.3. Sensory analysis

The sensory analysis of the melted
cheeses on the ceramic plate showed no sig-
nificant differences between the variants
(Tab. VII). There were, nevertheless, some
differences that are noteworthy. Although
the CA50 cheeses showed the highest val-
ues for “firmness” in the rheological tests,
they were judged by the panel to be only

Table VI. Compression test, softening and dropping points of model Raclette cheeses after
14 weeks of ripening.

Variants
(n = 2)

Maximum force
(compression test)

(N)

EP
(°C)

TP
(°C)

Difference
TP − EP (°C)

Index TP ×
difference/100

CON 1.08 56.9 63.0 6.2 3.9
PRE 0.97 58.0 64.9 6.9 4.5
CA50 1.46 62.4 70.3 7.8 5.6
LA70 1.00 59.1 63.7 4.6 2.9
CA25 1.15 59.9 67.6 7.7 5.2
LA35 1.05 56.5 64.1 7.8 5.0
P value ANOVA
Variant n.s. * n.s. n.s. n.s.
Day n.s. n.s. n.s. n.s. n.s.

* P ≤ 0.05; n.s., not significant; CON, control Raclette cheese; PRE, pre-ripening; CA50 and CA25,
addition of 50 or 25 g of citric acid, respectively; and LA70 and LA35, addition of 70 or 35 g of lactic
acid, respectively.
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slightly gummy. They were also less ropy
than the CON and the other variants, but
exhibited more fat separation. The LA vari-
ants stood out with a positive influence on
the flavour. The cheeses were significantly
less bitter than the others. Also the aroma
qualities were superior.

As previously mentioned, the interac-
tions between total Ca content, pH and pro-
teolysis in the ripe cheese are critical
parameters that influence the textural prop-
erties. In this study, the total Ca content of
all cheeses was lower than in the commer-
cial Swiss Raclette cheese. As a conse-
quence, the panel judged the melting
properties of the trial cheeses as very good.
The melted cheeses were very liquid and
had practically no filaments, only the score
for the gummy properties was in the med-
ium range. Therefore, further reduction of
the cross-linking material in the casein
could only lead to an improvement in the
gummy properties. As a matter of fact, the
gummy attribute of the cheeses correlated
to a significant level (P < 0.05) negatively
with the content of Insol Ca (Fig. 7). The
more the Ca was extracted from the protein

matrix, the less gummy the cheeses became
from the sensorial point of view
(r = −0.746). This was not the case for the
ropy and viscous attributes, which corre-
lated only poorly with Ca (r = −0.373 and
−0.366, respectively), which is not surpris-
ing since especially the viscous properties
depend on the water-binding capacity of
the cheese matrix.

3.4. Final interpretation of melting
behaviour

In cheese, Insol Ca probably exists in the
form of CCP attached to the casein matrix
or in the form of Ca bridges between
para-casein molecules. Consequently, the
para-casein is essentially insoluble and only
a small amount of the total moisture in
cheese is bound to protein. The effect of cit-
ric acid in the model Raclette cheeses was
not only due to the reduction of pH and
so to the solubilization of Ca, but also to
the sequestration of Ca as a result of its che-
lating properties. Since CCP and Ca bridges
are broken apart, the para-casein gets
partially hydrated and becomes soluble.
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Figure 6. 3-D figure of the influence of pH and calcium content on loss tangent (z axis).

Meltability of model Raclette cheese 479



Subject to the processing conditions, this
mechanism is known to take place in the
manufacture of processed cheese [11]. With
the aid of heat and shear, the emulsifying

salts promote the hydration and dispersal
of casein, resulting in an increase in the vis-
cosity of the cheese mass. It is suggested
that the increased hydration and viscosity

Table VII. Sensory analysis of the ripe trial Raclette cheeses in melted form.

Variant
(n = 2)

Fat
separation

Viscosity Ropy
qualities

Gummy
qualities

Skin
formation

Bitterness Saltiness Olfactory
qualities

Aroma
qualities

CON 3.39 4.11 4.17 3.72 3.83 3.44 1.78 2.83 3.00
PRE 3.17 4.17 4.28 3.56 3.67 3.61 2.17 2.67 3.17
CA50 2.89 4.39 4.72 4.72 3.89 3.94 2.56 2.78 3.44
LA70 3.00 4.11 3.89 3.72 3.67 4.11 3.00 2.83 3.56
CA25 3.11 4.22 4.61 3.72 3.61 3.78 2.33 2.83 3.61
LA35 3.61 4.39 4.56 3.72 3.67 4.33* 2.00 2.50 3.72
P value
ANOVA
Variant n.s. n.s. n.s. n.s. n.s. * n.s. n.s. n.s.
Day ** n.s. n.s. * n.s. n.s. n.s. n.s. n.s.

Scale: 5, slightly; 3, medium; 1, highly; * P ≤ 0.05; ** P ≤ 0.01; n.s., not significant; ANOVA, analysis of
variance; day, day of cheese production; CON, control Raclette cheese; PRE, pre-ripening; CA50 and
CA25, addition of 50 or 25 g of citric acid, respectively; and LA70 and LA35, addition of 70 or 35 g of
lactic acid, respectively.

Figure 7. Insoluble calcium in cheese and gummy properties of the melted model Raclette cheeses
(R = −0.746, P ≤ 0.05, confidence interval on the regression line: 0.95). CON, control Raclette
cheese; PRE, pre-ripening; CA50 and CA25, addition of 50 or 25 g of citric acid, respectively; and
LA70 and LA35, addition of 70 or 35 g of lactic acid, respectively.
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in the cheeses made with citric acid could
explain the atypical rheological behaviour
of these cheese samples.

4. CONCLUSIONS

The chosen technological and chemical
variants were able to induce varying pH gra-
dients, not only during manufacture but also
during ripening, with the resulting varying
contents of total and Insol Ca. PRE led to a
reduced pH already before coagulation, but
the total Ca in the cheese was even higher
compared to CON. CA25/50 and LA35/70
led to a clear reduction in pH in the vat during
stirring, but only CA50 showed a significant
reduction in the total and Insol Ca contents in
the ripened cheese underlining that the che-
latingcharacteristics of citric acid contributed
in an important way to the removal of cal-
cium. The rheological tests described CA50
and CA25 as firmer cheeses that maintained
a dominance of “solid-like” properties even
at the maximal temperature of 80 °C. Never-
theless, the sensory panel judged the CA25
and CA50 cheeses that showed firmer tex-
ture, higher SMP and ERP, lower LT values
and an absence ofG′-G″ crossover as cheeses
with good melting properties. It seems that
the sensory panel had a different sensation,
irrespective of whether the cheeses showed
a typical melting behaviour or not.
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