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Abstract High pressure (HP) has rapidly been gaining in importance for the food
processing sector due to recent technological developments and increasing consumer
demand for minimally processed and healthy foods. However, it is necessary to study
the effect of HP on quality parameters of each food product. Changes in free fatty
acids (FFA) content and oxidation markers can modify the organoleptic properties of
HP-treated cheese. For this reason, the effect of high-pressure treatment on the FFA
profile and lipid and protein oxidation of raw milk goat cheese (Ibores PDO cheese)
was evaluated. HP treatment at 400 or 600 MPa, at 10 °C, for 7 min was applied at
three different times during ripening (1, 30 or 50 days). The differences in FFA
concentration detected after HP processing had equilibrated by the end of the ripening
process, that is day 60. Finally, a significant increase in lipid oxidation was detected
in HP-treated mature cheeses (60 days old) while no differences were found in protein
oxidation. Further studies are necessary to understand the relationship between
sensory properties and lipid oxidation changes induced by HP treatment of Ibores
PDO cheese.
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高压处理对山羊奶干酪中游离脂肪酸含量及脂肪氧化作用的影响

摘要 : 随着消费者对轻度加工食品和健康食品需求量的增加,一些新兴的加工技术引起人们

的关注,并在食品工业中广泛应用。 对于高压处理技术在食品中的应用,有必要了解高压处

理对食品加工工艺参数和食品质量的影响。 高压处理的干酪其感官特性会因游离脂肪酸含

量和氧化指标的改变而受到影响。基于此原因,本文研究了经高压处理后,游离脂肪酸以及

脂肪和蛋白质氧化对由生鲜奶制造的Ibores PDO山羊奶干酪品质的影响。在10 °C条件下,对

三个不同成熟期(1d、30d和50d)的干酪分别在400MPa和600MPa下处理7min。高压处理后的

干酪成熟到60天后测定干酪中游离脂肪酸的变化。高压导致脂肪氧化作用显著地增强,但是

不能引起蛋白质的氧化。因此,有必要进一步研究由于高压引起的脂肪氧化与干酪感官特性

之间的关系。

Keywords Raw goat milk cheese . High pressure . Free fatty acids . Oxidation
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1 Introduction

Recent technological developments, combined with a growth in the consumers'
demand for high-quality and minimally processed foods, have resulted in a renewed
interest in the potential of high pressure (HP) in food processing (Rastogi et al. 2007).
HP processing has a lower impact on food properties such as the nutritional value or
flavour in comparison to thermal treatment since small molecules such as amino acids
or vitamins are only slightly affected by HP (Balci and Wilbey 1999). According to
the scientific literature, the HP treatment of cheese has been performed over a wide
range of pressure intensities (50–800 MPa) and holding times (from seconds to days)
depending on the objectives (Rastogi et al. 2007). However, from a practical view-
point, HP treatment normally uses medium/high pressures (400–600 MPa) and short
holding times (5–10 min), which allow foods to be processed quickly and improve
their preservation.

The application of HP can increase the microbial safety of raw milk cheeses which
may present some microbial risks (Trujillo et al. 2002). Another application is the use
of HP to accelerate the cheese ripening process, which was first described in a patent
by Yokoyama et al. (1992). In this work, Cheddar and Parmesan cheeses were HP
treated from 5 to 300 MPa for 3 days at 25 °C, and the effect of HP on proteolysis and
flavour development was studied. It is reported that HP treatment at 50 MPa for
3 days at 25 °C on 1-day-old cheeses gave rise to an HP-treated cheese similar to a 6-
month-old control cheese, so it reduced the time of ripening from 6 months to 3 days.
Consequently, a significant reduction of the ripening period of these cheeses was
obtained through the use of HP treatment. However, in this patent, ten times more
starter bacteria were used, and these results could not be replicated by others
(O'Reilly et al. 2000). On the other hand, the ripening process of other types of
cheese may be unaffected by HP. For example, lipolysis in Camembert cheese was
only slightly affected by HP treatment of up to 500 MPa for 4 h, while in Gouda
cheese, the ripening processes were not modified (Kolakowski et al. 1998). More
recently, some authors have reported that HP treatment of cheese resulted in a limited
production of free fatty acids (FFA) (Saldo et al. 2003) or an arrested cheese ripening
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(Wick et al. 2004; Voigt et al. 2010), i.e. there was a decrease or arrest of compounds
released into cheese matrix due to the HP treatment. Therefore, this suggests that
there are several different factors involved in the evolution and intensity of the
ripening changes, e.g. holding time, pressure intensity and the moment of treatment
and/or cheese type.

Recent studies carried out in our laboratory (Delgado et al., unpublished data of
this research team) indicated an increase in indices of lipid oxidation (thiobarbituric
acid reactive species, TBA-RS) over the course of ripening (1, 30, 60 and 90 days) of
untreated Ibores cheeses, which can influence the final quality of cheeses by the end
of ripening. Changes to this reaction can potentially modify the original aroma profile
and may even be associated with the appearance of off flavours. Protein oxidation has
also been related to the reduction of protein bio-availability and the formation of toxic
compounds (Moreaux and Birlouez-Aragon 1997; Naranjo et al. 1998). Nevertheless,
very few studies have evaluated the changes in oxidative markers throughout cheese
ripening (Delgado et al. 2009; Fedele and Bergamo 2001), and no studies exist
concerning the oxidative changes after HP treatment. With regard to the effect of
HP on FFA content in goat cheese, Buffa et al. (2001) studied the FFA profiles of
cheeses made from raw, pasteurized or pressure-treated (500 MPa, 15 min, 20 °C)
goat milk to assess the effect of milk HP treatment on cheese lipolysis. Juan et al.
(2007) analysed the effect of HP treatment (200, 300, 400 or 500 MPa for 10 min) at
two stages of ripening (after 1 and 15 days of ripening) of a cheese made from
pasteurized ewe milk.

In a parallel study concerning the effect of HP on volatile compounds of Ibores
cheese, we reported that HP treatment induced significant changes in the volatile
profile of cheeses when subjected to HP treatment at the beginning of ripening
(Delgado et al. 2011); HP treatment decreased the relative abundance of the most
volatile compounds but enhanced the formation of ketones and hydrocarbons. The
use of HP treatment can enhance the microbial safety of Ibores cheese, but it is very
important to evaluate the effect of the HP treatment on reactions involved in cheese
quality (such as lipolysis and oxidation reactions). It would be advisable to obtain a
HP-treated mature cheese (60 days old) with negligible modifications to these
reactions. For this reason, the aim of the present work was to study the effect of
using HP treatments at 400 or 600 MPa for 7 min at different ripening stages at which
the treatment is applied (1, 30 or 50 days) on the evolution of free fatty acids and
changes in lipid and protein oxidation in a raw milk goat cheese.

2 Materials and methods

2.1 Cheese manufacture

Raw goat milk cheeses were manufactured in a Spanish dairy plant which produces
“Ibores” PDO: “Berrocales Trujillanos” (Trujillo, Cáceres, Spain). The same batch of
Ibores cheese was used for the study. One lyophilized direct-to-vat mesophilic mixed
culture (R-704, 50 units; Chr. Hansen, Hørsholm, Denmark), containing Lactococcus
lactis subsp. cremoris and L. lactis subsp. lactis, was used as starter. Milk was heated
to 30±1 °C, and animal rennet was added (Naturen Plus 175, 20–25 mL per 100 L,
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CHR Hansen, Hørsholm, Denmark). After ∼90 min, the curd was cut into grains (1–
2 cm). Cheeses (1.0–1.1 kg) were pressed for 4–5 h, brine salted and ripened (at 8–
12 °C and 80% relative humidity).

2.2 Sampling and high-pressure treatment

A total of 52 commercial PDO cheeses were selected at three different stages of
ripening (days 1, 30 and 50) and treated at 400 or 600 MPa for 7 min at 10 °C. High-
pressure processing was conducted at refrigerated temperature to avoid an excessive
increase in temperature due to adiabatic heating during HP treatment. Cheeses were
vacuum packed in plastic nylon/polyethylene bags (9.3 mL O2 per square metre per
24 h at 0 °C) and processed in a semi-continuous high-pressure unit NC Hyperbaric
Wave 6000/55 (55–L, Burgos, Spain). The pressure increase at 400 or 600 MPa
needed 2 min 54 s and 3 min 50 s, respectively; the pressure decrease was instanta-
neous (1 s). Water was used as the pressure-transmitting medium. Cheeses were
analysed after HP treatment and at the end of maturation, except cheeses treated with
50 days of maturation, which were ripened vacuum packed until day 60, when they
were analysed. These cheeses were maintained vacuum packed in order to simulate
real maturation conditions that would be applied in case HP treatment was considered
interesting for dairies. Untreated cheeses were used as control (n04) in each stage of
ripening. After HP treatment, half of the cheeses treated (n04) were unpacked and

600 MPa (n04); at day 30, 12 cheeses were also analysed: control (n04), 400 MPa
(n04), 600 MPa (n04); and at day 60, 28 cheeses were analysed: control (n04) and
cheeses treated at days 1, 30 and 50 at 400 or 600 MPa (n024; 3 days×2 treatments×
4 cheeses per batch).

2.3 Moisture content and free fatty acids analysis

Moisture content was measured by the gravimetric method by drying cheese samples at
102 °C (IDF 4A/1982). FFA were extracted and analysed according to Delgado et al.
(2009). The different fractions were estimated: short-chain fatty acids (SCFA, C4:0–
C8:0), medium-chain fatty acids (MCFA, C10:0–C14:0), long-chain fatty acids
(LCFA, C15:0–C18:2 n-6) and unsaturated fatty acids (UFA, C18:1 n-9 and C18:2
n-6).

2.4 Lipid oxidation

Lipid oxidation analysis was performed using the 2-TBA method of Salih et al.
(1987). Two grams of cheese was homogenized with 7.5 mL of perchloric acid
(3.86%) and 0.25 mL of BHT (4.2% in ethanol), to minimise the development of
oxidative reactions during extraction, and centrifuged at 2,000 rpm for 2 min. The
homogenate was filtered and centrifuged at 3,000 rpm for 2 min. After that, aliquots
(in duplicate) were taken and mixed with thiobarbituric acid (0.02 M) and heated at
90 °C for 30 min in a hot water bath. After cooling, tubes were centrifuged at
3,000 rpm for 2 min, and the absorbance was measured at 508, 532 and 600 nm. A
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standard curve was prepared using different dilutions of a solution of 1,1,3,3-tetrae-
thoxypropane. TBA-RS levels were expressed as milligrams malondialdehyde per
kilogram cheese.

2.5 Protein oxidation

Protein oxidation was performed by quantification of carbonyl groups formed during
incubation with 2,4-dinitrophenylhydrazine (DNPH) in 2N HCl according to the method
described by Oliver et al. (1987). Homogenates (1 g of cheese in 10 mL of 0.15 M KCl
buffer) were divided into two 0.1-mL aliquots and placed in eppendorfs. Proteins
were precipitated in both aliquots with 1 mL 10% TCA and centrifuged at 3,000 rpm
for 5 min. One millilitre of 2N HCl was added to one of the eppendorfs to measure
protein concentration, and 1 mL of 0.2% DNPH in 2N HCl was added to the other for
carbonyl concentrationmeasurement. Both samples were incubated at room temperature
for 1 h. Later, samples were again precipitated with 1 mL of 10% TCA and washed with
1 mL ethanol/ethyl acetate (1:1). Finally, 1.5 mL of 6 M guanidine HCl with 20 mM
sodium phosphate buffer was added. Carbonyl concentration was measured on the
treated sample by measuring DNPH incorporated on the basis of absorption of
21.0 mM−1 cm−1 at 370 nm for protein hydrazones. Results were expressed as
nanomoles of DNPH fixed per milligram of protein. Protein concentration was
calculated by spectrophotometry at 280 nm using bovine serum albumin as standard.

2.6 Statistical analysis

One-way analysis of variance was performed to evaluate the differences between the
control and HP-treated cheeses. When differences were significant, a post hoc
Tukey's test was applied to compare mean values. Statistical analysis was performed
by SPSS 14.0 software (SPSS Inc., Chicago, IL, USA).

3 Results and discussion

3.1 Cheeses subjected to HP treatment on day 1

The moisture content of the cheeses subjected to HP treatment on day 1 (Table 1) was
not significantly affected immediately after the HP treatment. However, by day 60,
the moisture content was significantly modified in HP-treated cheeses with the
cheeses treated at 600 MPa having the highest moisture content. These results are
in agreement with several studies (Messens et al. 2000; Saldo et al. 2000, 2001; Juan
et al. 2008) which found that HP-treated cheeses increased moisture retention in
comparison to non-treated control cheeses. These results suggest that HP results in an
increase of the water-bingeing capacity in HP-treated cheese and is probably due to
alteration of the cheese protein network as a consequence of the HP treatment
applied, thus giving rise to a new structure that is more capable of retaining the water
in cheese. In general, cheeses with higher moisture content showed a better water-
holding capacity. In addition, the pressurization of milk prior to cheese manufacture
has been shown to increase the water retention capacity of cheese (Buffa et al. 2003).
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The levels of FFA in the control and HP-treated cheeses at day 1 are shown in
Tables 2 and 3. Contents of FFA such as butyric (C4:0), caproic (C6:0), caprylic
(C8:0), capric (C10:0), lauric (C12:0), pentadecanoic (C15:0), palmitic (C16:0) and
linoleic (C18:2 n-6) acids significantly (P<0.05) decreased after HP treatment; never-
theless, the total FFA content was similar in HP-treated and control cheeses. These
results disagree with those reported by Juan et al. (2007) in pasteurized ewe milk
cheese, where capric, lauric and linoleic acids significantly increased after HP
treatment at 400 MPa for 10 min at day 1. The FFA reduction reported in HP-treated
Ibores cheeses could be linked to the inactivation of certain enzymes (e.g. lipoprotein
lipase, microbial lipases) and/or microorganisms. However, as there was only a short
time between the application of the HP treatments and the analysis of the cheeses (only
1 day), a longer time may be necessary for changes in the enzymatic activities induced
by HP to be translated into changes in the composition of the cheeses. Therefore,
modifications caused by HP, e.g. changes in cheese matrix, could have influenced the
extraction process itself and resulted in the decrease in the level of certain FFA.

Overall, there were no significant differences in FFA content between both 400-
and 600-MPa HP-treated cheeses at the beginning of ripening. According to Juan et
al. (2007), pressure intensities (400 or 500 MPa for 10 min) did not have a significant
effect on FFA content in 1-day-old ewe cheeses after pressurization.

The significant reduction of the short-chain FFA (butyric (C4:0), caproic (C6:0)
and caprylic (C8:0) acids) content after HP treatment (Table 2) could negatively affect
cheese flavour as SCFA are known to have low odour thresholds and characteristic
tastes (Curioni and Bosset 2002). However, after 60 days of ripening, only three FFA
(butyric (C4:0), stearic (C18:0) and linoleic (C18:2 n-6) acids) were significantly
reduced (P<0.05) by HP treatment. Therefore, the effect of the HP treatment ob-
served at day 1 immediately after treatment may have been reduced during the
ripening process. A similar effect was observed for these fatty acids in a study of
ewe milk cheeses treated at 400 MPa at day 1 and analysed at day 60 (Juan et al.
2007). However, more individual FFAwere affected by the HP treatment used in the
latter study in comparison to the present study.

No significant differences (P>0.05) were detected at day 1 in the oxidative
markers after HP processing at either 400 or 600 MPa (Table 4). However, after
60 days of ripening, HP-treated cheeses showed a significant increase in indices of
lipid oxidation. This could be connected to the higher content of linoleic acid in the
HP-treated cheeses in comparison to the control cheeses (see Table 3) because lipid

Table 1 Moisture content in control and high-pressure-treated raw goat milk cheeses

Day of
analysis

Control HP-treated day 1 HP-treated day 30 HP-treated day 50 SEM P value

400 MPa 600 MPa 400 MPa 600 MPa 400 MPa 600 MPa

2 43.7 43.7 42.87 0.37 0.609

31 39.35 40.83 38.96 0.41 0.142

60 35.57bc 39.16ab 40.97a 33.65c 38.33abc 37.5abc 39.17ab 0.56 0.002

Different letters (a, b, c) in the same row indicate statistically significant differences (Tukey's test, P<0.05)

SEM Standard error of the mean
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oxidation usually involves the reaction of unsaturated fatty acids with molecular
oxygen. Lipid oxidation can result in the formation of off flavours due to the
production of fatty acid hydroperoxides which are themselves unstable and can be
converted to other volatile flavour compounds such as aldehydes (Serra et al. 2008).
Lipid oxidation can also result in the production of other compounds such as ketones,
alcohols and hydrocarbons. In a parallel study, we observed that HP treatment
increased the relative abundance of ketones when the treatment was applied at the
beginning of ripening (Delgado et al. 2011), and therefore, results of that study could
be related with the lipid oxidation development of Ibores cheese.

3.2 Cheeses subjected to HP treatment on day 30

The moisture content of the cheeses subjected to HP treatment on day 30 was not
significantly different in cheeses analysed immediately after pressurization (Table 1).
However, after a further 30 days of ripening, post-pressurization (day 60), the lowest
moisture content was found in cheeses which had been subjected to 400 MPa.

The FFA concentrations (milligrams per kilogram) detected in the cheeses subjected to
HP treatment at day 30 and control cheeses are shown in Tables 2 and 3. HP treatment at
400 MPa significantly increased the levels of FFA in Ibores cheeses immediately after
pressurization in contrast to the results observed following HP treatment on day 1
(with the exception of caproic acid which was higher in the control cheeses). In
cheeses treated at 600 MPa, the level of lauric (C12:0), myristic (C14:0), palmitic
(C16:0) and oleic (C18:1 n-9) acids increased in comparison to the control cheeses,
but these increases were not statistically significant. In addition, the FFA content in
cheeses treated at 600 MPa was significantly lower than those found in cheeses
treated at 400 MPa indicating a significant effect of pressure on the release of FFA.

As previously indicated, HP treatment can cause changes in cheese matrix, thus
affecting the extraction of FFA. Nevertheless, the effect of HP on FFA content was
different immediately after HP treatment at days 1 and 30 of cheese ripening,
suggesting that other factors may be related to the observed changes in FFA. The

Table 4 Protein (nanomoles of carbonyls per milligram protein) and lipid oxidation (milligrams of MDA
per kilogram) markers in control and high-pressure-treated raw goat milk cheeses

Day of
analysis

Control HP-treated day 1 HP-treated day 30 HP-treated day 50 SEM P value

400
MPa

600
MPa

400
MPa

600
MPa

400
MPa

600
MPa

Protein
oxidation

2 1.01 1.42 0.92 0.13 0.271

31 1.25 1.09 1.04 0.08 0.592

60 1.26 1.04 1.33 1.49 1.46 1.89 1.10 0.08 0.081

Lipid
oxidation

2 0.042 0.035 0.034 0.00 0.123

31 0.027 0.029 0.030 0.00 0.688

60 0.027b 0.046a 0.043a 0.036ab 0.036ab 0.047a 0.040a 0.00 0.001

Different letters (a, b) in the same row indicate statistically significant differences (Tukey's test, P<0.05)

SEM standard error of the mean
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higher FFA content observed in cheeses subjected to HP treatment on day 30 could be
attributed to a more rapid and efficient interaction of microbial lipases with their
substrates due to the lysis produced by HP treatment as reported Juan et al. (2008).
The differences in the levels of FFA observed due to the intensity of the pressure
applied (400 or 600 MPa) may be a result of a higher enzymatic inactivation at the
higher pressure (Seyderhelm et al. 1996). However, further studies are needed to
understand all the factors involved in the effect of HP treatment on FFA composition.

The higher FFA content observed in the cheeses treated at 400 MPa at day 30 was
balanced 30 days after treatment (day 60), and similar FFA concentrations were found
in the control and HP-treated cheeses at day 60. In contrast to the results of this study,
Juan et al. (2007) concluded that the use of pressures ≥400 MPa for 10 min reduced
the levels of lipolysis in HP-treated ewe cheeses. The differences in the results of the
two studies could be explained by a higher holding time of the HP treatment (7 min
compared with 10 min) used in the study of Juan et al. (2007) and the different types
of milk used for cheese manufacture (goat compared with ewe) and most probably
due to the fact that ewe cheeses were manufactured from pasteurized milk, which
would have resulted in the inactivation of some lipolytic enzymes such as lipoprotein
lipase and microbial lipases.

The levels of lipid and protein oxidation were not changed immediately after HP
treatment at day 30 (Table 4). In addition, by day 60 of ripening, there were no
differences between the cheeses which had been subjected to HP treatment at day 30
and the control cheeses. Thus, HP-treated cheeses maintained their oxidative state
immediately after HP processing at day 30 and after 30 days of ripening post-
pressurization (day 60). These results are significant for cheese makers as subjecting
cheeses at this stage of ripening would avoid the modification of the cheese oxidation
state which is important to maintain its sensory characteristics.

3.3 Cheeses subjected to HP treatment on day 50

Cheeses subjected to HP treatment at day 50 were only analysed at the end of
ripening, that is day 60. This is an interesting approach because cheeses were stored
in vacuum plastic bags until sampling at day 60; thus, cheese producers would not
have to vacuum-pack the cheeses a second time before sale. However, there was not a
suitable control cheese, i.e. untreated cheese vacuum packed at day 50. In any case,
the moisture content of the cheeses treated at day 50 and analysed at day 60 was
slightly higher in the HP-treated cheeses than in the control cheeses (Table 1). As
previously discussed, in general, HP treatment resulted in better water retention in
pressurized cheeses. Regarding the effect of HP treatment at day 50 on the content of
FFA (Tables 2 and 3), there were slight differences between the HP-treated and the
control cheeses. Only stearic (C18:0) and linoleic (C18:2 n-6) acid concentrations
were significantly changed in HP-treated cheeses (Table 3). A similar trend was
observed in cheeses treated at days 1 and 30 when they were analysed at the end of
ripening (day 60). Therefore, it is possible that pressurization of Ibores cheese at any
stage of ripening (days 1, 30 or 60) would result in minimum changes in the FFA
profile of the mature cheese (day 60).

Protein and lipid oxidation indices in the cheeses subjected to HP treatment at
day 50 and analysed at day 60 are presented in Table 4. Protein oxidation was not
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significantly affected by HP treatment, but significant differences were obtained for
lipid oxidation. Higher TBA-RS values were detected in the HP-treated cheeses at
days 1 and 50. Despite the results reported in this study, the levels of lipid oxidation
detected in this study are lower than values reported for other types of cheeses
(Balestrieri et al. 2002; Delgado et al. 2009), and, in a parallel study of three dairies
which produce PDO Ibores cheese, similar levels of TBA-RS (∼0.05 mg MDA per
kilogram) were found to those reported for the HP-treated cheeses of this study.
Regardless, the development of indices of lipid oxidation should be taken into
account when considering the application of HP processing of cheeses with high
initial levels of oxidation, such as in pasteurized milk cheeses, due to the pro-oxidant
effect of the heat treatment.

4 Conclusions

The differences detected in the FFA concentration after HP processing at days 1 and
30 had equilibrated within the cheeses by the end of the ripening process, that is
day 60. Only cheeses subjected to HP treatment and analysed at day 30 showed a
variable effect which was dependent on the pressure applied (400 or 600 MPa).
Regarding the oxidative markers, protein oxidation was not significantly changed by
HP treatment, but lipid oxidation showed a significant increase in cheeses treated at
days 1 and 50, analysed at the end of ripening (day 60). Further studies about the
effect of HP treatment on lipid oxidation of cheese and the relationship with sensory
properties are necessary to evaluate the sensory impact of these changes.
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