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Abstract – The different types of water contained in the matrix of cheeses made from raw (RA),
pasteurized (PA; 72 ºC, 15 s) or pressure-treated (PR; 500 MPa, 15 min, 20 ºC) goat milk were
studied throughout ripening. Water content was qualitatively and quantitatively assessed by
thermogravimetry. Thermogravimetric curves showed that water is lost in two successive steps (W1
and W2), depending on the temperature required for water to leave the cheese network. Although
water content in W1 and W2 of all cheeses followed similar trends, decreasing towards the end of
ripening, large relative decreases were observed in W1. The highest decrease was observed in PA
milk cheese, while PR milk cheese showed behavior similar to that made from RA milk. Differences
in water binding could be attributable to changes in the cheese-matrix structure due to the
technological treatment applied to milk, and/or physicochemical or biochemical differences (NaCl,
proteolysis, lipolysis, ...).

Water binding / thermogravimetry / goat cheese / high-pressure treatment

Résumé – Changements de l’eau liée des fromages faits à partir de lait de chèvre cru, pasteu-
risé ou traité par haute pression. Les différents types d’eau contenus dans la matrice des fromages
faits à partir de lait de chèvre cru (RA), pasteurisé (PA ; 72 ºC, 15 s) ou traité par haute pression (PR ;
500 MPa, 15 min, 20 ºC) ont été étudiés durant la maturation. La teneur en eau a été qualitativement
et quantitativement évaluée par thermogravimétrie. Les courbes thermogravimétriques ont montré
que l’eau a été perdue en deux étapes consécutives (W1 et W2), dépendant de la température que
l’eau nécessite pour quitter le réseau du fromage. Bien que la teneur en eau dans W1 et W2 de tous les
fromages ait suivi les mêmes tendances, en baissant vers la fin de la maturation, des baisses relatives
élevées ont été observées dans W1. La décroissance la plus accentuée a été observée dans le fromage
obtenu à partir du lait PA, alors que le fromage obtenu à partir du lait PR a montré un comportement
semblable à ceux faits à partir du lait RA. Les différences en eau liée peuvent être attribuées aux
changements dans la structure de la matrice du fromage due au traitement technologique appliqué au
lait, et/ou aux différences physico-chimiques ou biochimiques (NaCl, protéolyse, lipolyse, ...).
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1. INTRODUCTION

The ripening of cheese is a complex
process that involves chemical and bio-
chemical reactions, water loss, salt diffu-
sion, and changes in pH and in the
microbial population. During ripening,
water has a predominant role because it is
the medium where these reactions take
place. Water is also essential for the devel-
opment of cheese microbiota, and through
interaction with the cheese matrix, it con-
tributes to the texture of cheese.

Although goat milk cheeses have been
traditionally made from raw (RA) milk,
aspects related essentially to microbial
safety have increased the use of pasteuriza-
tion treatments. However, most research-
ers have found that cheese made from
pasteurized (PA) milk has higher moisture
content than that made from RA milk,
which in turn could cause differences in
cheese firmness or in the cheese compo-
nent degradation during ripening [4, 9].

The interest in non-thermal technolo-
gies, such as high-hydrostatic pressure, in
milk has recently increased. Additionally
to microbial destruction, high-pressure
treatments induce numerous effects on the
technological properties and milk compo-
nents: fragmentation of casein micelles,
aggregation of whey proteins and modifi-
cations of the mineral equilibrium [20],
which cause changes in the rennet coagula-
tion and cheese yield properties of pres-
sure-treated (PR) milk [2, 18, 19]. The
higher yields obtained from cheeses made
from PR milk could be mainly attributed to
the higher moisture content in these
cheeses, a fact that alludes to the level of
denatured whey proteins retained in these
curds, and to the fragmentation of casein
micelles produced by the pressure treat-
ment [19]. 

Thermogravimetry (TG) is the branch
of thermal analysis that examines the
change in mass of a sample as a function of
temperature in the scanning mode or a
function of time in the isothermal

mode [11], and it has been successfully
applied in food    analysis (studies of pro-
teins, carbohydrates and fats) [7]. Meas-
urement of the amount of moisture in foods
is an obvious application for TG. Moisture
can be present in the food matrix as bound
or unbound water, and this degree of bind-
ing is reflected by the temperature at which
mass is lost. When the matrix is heated,
water is lost in successive stages, depend-
ing on the temperature required to break
the bonds (hydrogen bonds, Van der Waals
forces, London forces, etc.) formed
between water and the cheese matrix [5].

The aim of this study was to quantify
the different types of water contained in
the matrix of cheeses made from RA, PA
(72 ºC, 15 s) or PR (500 MPa, 15 min,
20 ºC) goat milk, and to compare their
behaviors in relation to ripening time. 

2. MATERIALS AND METHODS

2.1. Cheese manufacture

Goat cheese was manufactured from
RA, PA (72 ºC, 15 s) and PR milk in two
independent experiments, within an inter-
val of one week. In each experiment, 50 kg
of RA, 50 kg of PA and 50 kg of PR milk,
from the same milk batch, were used for
cheese-making.

High-pressure treated milk was
obtained by using a semi-continuous
hyperbar equipment (GEC Alsthom ACB,
Nantes, France) by direct compression of
the liquid with a piston. Batches of 4 L of
milk were pressurized at 500 MPa and 20
± 1 ºC with a holding time of 15 min. The
pressure-chamber temperature was deter-
mined by means of a thermoregulation sys-
tem that circulated heating cooling fluid
(water) within the walls of the vessel. The
increase in temperature caused by the adi-
abatic compression in the equipment was
in the order of 2 ºC per 100 MPa, which
was rapidly compensated for by the



Water binding in goat cheeses 91

thermoregulation system. The PR milk
was kept at 4 ºC until cheese-making.

Milk was heated to 31 ºC and then a
starter culture (AM Larbus, Barcelona,
Spain) containing Lactococcus lactis
subsp. lactis and L. lactis subsp. cremoris,
and 35% (w/w) CaCl2 (food quality grade)
were both added to cheese milk to a final
concentration of 2% (w/w) and 0.02%
(v/w), respectively. Ten minutes later,
0.02% (v/w) of calf rennet (Reniflor-15/E,
Lamirsa, Barcelona, Spain), containing
780 mg ⋅L−1 chymosin was added. After
30 min, the coagulum was cut, and the
curds drained and moulded (13.6 ×
13.2 cm).

Due to the different technological treat-
ments and in order to obtain cheeses with
comparable moisture in non-fat material
(M/NFM), which markedly influences the
ripening of cheese [15], pressing time was
established at 12 h (1 h at 1.3 kPa and 11 h
at 2.6 kPa). The pressing time used in this
study was based on the experience gained
from previous experiments.

After that, cheeses were salted by
immersion in brine (19% NaCl solution)
for 4 h at 14 ºC. Finally, cheeses, each one
of approximately 1.31 ± 0.03 kg, were rip-
ened in a room at 14 ºC and 85% relative
humidity for 60 d.

2.2. Compositional analysis

Cheeses were analyzed for total solids
and fat according to standard methods [12,
13]. Salt was determined by chloride anal-
ysis (Corning 926 Chloride Analyzer,
Sherwood Scientific Ltd., Cambridge,
UK). Liberation of free amino-acids was
determined on the water-soluble cheese
extract [14] by the Folkertsma and Fox
cadmium-ninhidrin method [8]. The pH
was measured in a cheese/distilled water
(1:1) slurry.

For each of the two experiments, analy-
ses of RA, PA and PR cheeses were per-

formed in duplicate at 1, 30 and 60 d after
cheese-making.

2.3. Cheese weight-loss assessment 

A representative sample of the cheese
batches (three cheeses from each batch
of six) made from RA, PA and PR milk,
in both experiments, was weighed weekly
for nine weeks. Then, drying curves
were drawn from the cheese-weight
measurements.

2.4. Thermal analysis

Evaluation of the water contained in the
matrix of cheeses was performed by ther-
mogravimetry, using a TGA/SDTA851e
thermobalance (Mettler-Toledo GMdH
analytical, Schwerzenbach, Switzerland).
Approximately 20 mg of grated cheese
was placed in the thermobalance sample
pan and heated from 25 to 250 ºC at a scan-
ning rate of 5 ºC ⋅min–1, in a flow of nitro-
gen of 60−80 mL ⋅min–1. 

For each of the two experiments, analy-
ses of RA, PA and PR milk cheeses were
performed in triplicate at 1, 30 and 60 d
after cheese-making. The output signal
from the thermobalance was evaluated
using the Mettler-Toledo STARe software.

2.5. Statistical analysis

Data were processed by analysis of var-
iance (ANOVA) using the general linear
models procedure of SAS System for
WIN (8 version). The Student-Newman-
Keuls test was used for comparison of
sample data. Evaluations were based on a
significance level of P < 0.05.

3. RESULTS AND DISCUSSION

No differences (P < 0.05) in M/NFM
content were observed between cheeses on
the first day of ripening (Tab. I). M/NFM
of all cheeses decreased as they aged
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(approximately 23–24%) due to water
surface migration-evaporation. However,
after two months of ripening, PA milk
cheese presented the lowest M/NFM
values, suggesting that it had a greater
water evaporation rate than RA or PR milk
cheeses. On the other hand, salt in-
moisture (S/M) content was higher
(P < 0.05) in PA milk cheese than in that
made from RA or PR milk. 

Buffa et al. [3], using confocal laser
scanning microscopy, observed that PA
milk cheeses exhibited a less continuous
matrix (open and porous) with more
numerous and irregular spaces compared
to RA or PR milk cheeses, which in turn
each presented a more regular and closed
protein network. However, as cheeses
aged, the protein matrix became much

more dense and compact, and differences
between cheeses were less evident. 

The microstructure described for PA
milk cheese could explain its level of S/M,
as well as the M/NFM content found at
60 d. In relation to S/M contents, when
salting conditions are standardized (salting
time, cheese geometry, brine temperature),
the quantity of salt absorbed will depend
mainly on the intrinsic properties of
cheese. A relatively narrow pore width of
the protein matrix exerts a frictional effect
on the diffusing NaCl and H2O molecules,
reducing their relative diffusion rates [10].
Therefore, the open microstructure of PA
milk cheese could facilitate the NaCl diffu-
sion into the cheese matrix, thus explaining
the high S/M content observed in compar-
ison to RA and PR milk cheeses. 

Table I. Composition of cheeses (mean and standard deviation) made from raw (RA), pasteurized
(PA) and pressure-treated (PR) goat milk.

Day 1 Day 30 Day 60

pH RA 5.05ª 0.03 4.80 0.03 4.89a 0.02

PA 4.99b 0.02 4.80 0.01 4.84b 0.04

PR 5.01b 0.06 4.79 0.05 4.76c 0.02

M/NFM RA 2.45 0.05 1.33 0.05 1.01a 0.02

(%) PA 2.47 0.08 1.29 0.05 0.92b 0.01

PR 2.43 0.05 1.36 0.04 0.98a 0.02

Salt/M RA 1.76b 0.52 5.00 0.56 6.92b 0.41

(%) PA 2.25a 0.53 5.30 0.68 7.51a 0.40

PR 1.77b 0.41 5.00 0.50 7.03b 0.54

 

Free AA RA 0.45 0.10 2.16a 0.08 4.56a 0.69

(mg Leu ⋅g–1 cheese) PA 0.45 0.07 1.09b 0.37 3.07b 0.98

PR 0.41 0.04 1.87a 0.14 4.03a 0.57

M/NFM: moisture in non-fat material; S/M: salt in moisture; AA: amino acids.
a,b, c Means within the same column without a common superscript are significantly different 
(P < 0.05).
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Microstructure could also play an
important role in the low M/NFM found in
PA milk cheeses at the end of ripening. In
the first stages of ripening, moisture might
be located in the large interstitial spaces
described for PA milk cheese. However,
when proteolysis advances and the protein
matrix becomes more homogeneous, large
amounts of water may be released.

Drying curves of all cheeses also
showed differences (Fig. 1). In agreement
with M/NFM content data, PA milk cheese
showed the fastest rate of weight-loss
(y = −10.925ln(x) + 103.16; R2 = 0.9415),
while in the cheeses made from PR milk
this process was significantly slower (y =
−9.928ln(x) + 03.32; R2 = 0.9237). RA
milk cheeses, in turn, showed an intermedi-
ate behavior (y = −10.499ln(x) + 103.27;

R2 = 0.9319). These results suggest that the
water loss of cheeses during ripening is
also controlled by the internal profiles of
water in the cheeses, which in turn is
related to the cheese-matrix microstruc-
ture, and not only by the external condi-
tions of ripening.

Examination of curves from the TG, and
their first derivatives, showed two partially
overlapping weight-loss steps within the
range 25–200 ºC (Fig. 2). The presence of
water over this range has been confirmed
by De Angelis-Curtis et al. [5] by means of
IR analysis. Each step is the result of the
convolutions of a series of subprocesses
corresponding to interactions between the
water and different components of the
matrix [5]. The first slight step corresponds
to the water retained with less energy to the
matrix (W1), which is lost in the tempera-
ture range of 30 to 90–110 ºC. The second
step (110–200 ºC) corresponds to the water
more strongly linked to the cheese network
(W2), which requires more energy to break
the bonds with the matrix. According to
De Angelis-Curtis et al. [5], IR analysis of
the gas produced indicates that other sub-
stances (CO2, amines) also escape around
150 ºC. However, these losses of sub-
stances could be considered negligible
compared to water desorption.

At the beginning of ripening, the W1
amount, which showed no differences
(P > 0.05) between RA, PA and PR milk
cheeses, represented nearly 60% of the
total water of the system. The W1 content
of all cheeses declined (P < 0.05) for the
first 30 d of ripening, but thereafter this
decrease was not significant (Fig. 3). The
behavior of W1 is affected by a much
larger series of parameters than W2, such
as the transformation of W2 into W1,
migration-evaporation processes, salt dis-
tribution, etc. [5]. During ripening of
cheese, the liquid phase could be forced
out easily by the diffusion gradient pro-
duced by water evaporation from the
cheese body to the surface. However, the
decrease in water of the system as cheese
ages, brings down the diffusion gradient,

Figure 1. Drying curves (n=6) of cheeses made
from raw ( ), pasteurized ( ) and pressure-
treated ( ) goat milk during ripening.
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consequently restricting the liquid phase
movement. Additionally, the microstruc-
ture of a high moisture cheese (e.g. at the
beginning of ripening) has high porosity,
so that the liquid phase could be forced out
easily by the diffusion gradient produced
by the water evaporation [16]. As cheese
water content decreases, cheese micro-
structure becomes more compact [17].
Thus, the cheese-matrix compaction may
also restrict the liquid phase movement,
decelerating in turn the migration-evapora-
tion process.

The 30 and 60-d-old PA milk cheeses
had lower (P < 0.05) amounts of W1 than
RA or PR cheeses, which both showed
similar values (Fig. 3). As we commented
previously, S/M content was lower
(P < 0.05) in cheeses made from RA or PR
milk than in PA milk cheese (Tab. I). In
this way, the lower salt concentration
observed in both RA and PR milk cheeses
leads to a reduction in the hydrophilic ions
capable of binding water, with a conse-

quent increase available “free water” [5].
Additionally, these results suggest that the
rapid decrease in the W1 amount of
PA milk cheeses could also be facilitated
by their more open and porous
microstructure [3]. 

As shown in Figure 3, no differences
(P > 0.05) were found in the W2 amount of
the 1-d-old RA, PA and PR cheeses, which
decreased towards the end of ripening. The
30-d-old PA milk cheeses showed a higher
(P < 0.05) percentage of W2 than RA or
PR cheeses, whereas at the end of ripening
no differences were found between
cheeses. 

The behavior of W1 and W2 in cheese is
also affected by many other parameters,
such as the effect of water migration-evap-
oration, salt diffusion, and proteolysis and
lipolysis phenomena. Part of the system
water is situated among the protein chains,
becoming less free to move away. Thus,
higher temperatures are required for the
water to leave the cheese network.

Figure 2. TG trace (bold line) and its corresponding first derivative (thin line) of a goat cheese.
W1 and W2 indicate the two weight-loss steps.



Water binding in goat cheeses 95

De Angelis-Curtis et al. [5, 6] claimed that
protein hydrolysis, and in a minor extent

lipolysis, lead to release the water more
strongly linked to the cheese matrix. 

Cheese proteolysis, evaluated by the
amount of free amino-acids, increased in
all cheeses (P < 0.05) during ripening.
However, proteolysis was more intense
(P < 0.05) in both RA and PR milk cheeses
than in PA milk cheese (Tab. I). Further-
more, it has been reported that cheeses
made from PR milk showed a similar level
of lipolysis to RA cheeses, whereas the
level in PA milk cheese was lower, due to
the thermal inactivation of native milk
lipase [1]. Thus, the higher values of W2
observed in PA milk cheeses could account
for their low proteolysis and lipolysis
levels.

4. CONCLUSIONS

No differences were detected in the M/
NFM content of RA, PA and PR goat milk
cheeses on the first day of ripening, how-
ever, PA cheeses showed a large rate of
weight-loss during ripening. 

Total water content, W1 and W2 of all
cheeses decreased as cheese aged, indicat-
ing the significant effect of the ripening
stage on cheese water binding. Large rela-
tive decreases were observed in the W1
content, which was the predominant type
of water of 1-d-old cheeses. The highest
decreases of W1 corresponded to PA milk
cheese. During ripening, the W1 and W2
values of PR milk cheese showed a similar
behavior to that of RA milk cheese, a fact
that could be attributable to their similar
cheese-matrix structure, and/or to the sim-
ilarity of their main physicochemical or
biochemical characteristics.
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