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Abstract: The aim of using minimal food processing technologies is to preserve the raw material or
to achieve a special technological goal with the least possible impact. When several technologies are
used together, the intensity of each treatment can be reduced according to Leistner’s hurdle principle.
Does the order of application of the treatments result in a detectable difference? This research focuses
on the effect of the combination of the sous-vide technology and the high hydrostatic pressure (HHP)
treatment. The effect of the pressure level (300 and 600 MPa) and the influence of the treatment order
was investigated on pork (longissimus thoracis and lumborum muscles (LTL)). Physico-chemical and
microbiological measurements were carried out on day 0 and after 21-day storage at 2 ◦C and 8 ◦C.
Significant differences were found for both the order of treatment and pressure level in weight loss
(p < 0.001), CIELab color parameters a* and b* (p < 0.001), and denaturation enthalpy (p < 0.01). The
texture (p < 0.001) and lipid oxidation TBARS values (p < 0.05) were only influenced by the pressure
level. In the challenge test, the initial count of 105 CFU/g Listeria monocytogenes dropped below
detection limit in all cases. Total aerobic and anaerobic viable numbers were below/near the detection
limit in all combined-treated samples on day 0 and showed only slight or more notable growth after
21-day storage at 2 ◦C and 8 ◦C, respectively. An additional 300 MPa pressure treatment can increase
the safety of sous-vide cooked pork samples while having only a minor effect on physicochemical
properties. The 600 MPa pressure treatment results in a stable, albeit not shelf-stable product, but
it also affects a considerable number of quality parameters such as color, texture, weight loss, and
TBARS values.

Keywords: sous vide; high hydrostatic pressure; combined treatment; pork; Listeria monocytogenes;
hurdle principle; minimal processing

1. Introduction

The target of all minimal food processing technology is to preserve food with the least
invasive method and at the lowest possible level of treatment. Extending the shelf life
of meat-based food products while protecting their high nutritional value is still a major
concern for food researchers.

The production and consumption of sous-vide (SV) products have increased signifi-
cantly throughout the world. These products cooked at lower temperatures are becoming
more and more popular due to several reasons, such as their higher nutritional value,
sensory characteristics (more intense taste and rich aroma), and the attraction of some
consumers to new and exotic food experiences [1–4]. Longer shelf life, easier handling, and
less food waste are also advantages of this cooking technique. There are also disadvantages
to this method. The generally applied heat treatment parameters at sous-vide technology
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result in a product that requires extra care regarding storage temperature. Treated samples
should be kept under precise storage conditions (<3 ◦C) to ensure food safety [5–7]. The
reason for this is to inhibit toxin production by any clostridial spores that may still be
present after low-temperature heat treatment, as Clostridium botulinum spores are not capa-
ble of growth or toxin production below 3.3 ◦C in the case of the C. botulinum type E and
non-proteolytic types B and F, while in the case of type A and proteolytic types B and F, the
minimum temperature for growth is 10 ◦C [8]. This refrigeration (uninterrupted cold chain)
limits the logistics of the sous-vide food products and has a significant cost-increasing
effect on the supply chain. A recent review [9] reveals the very broad range of temperature
(50 to 85 ◦C) and treatment time (from 2 to 48 h) applied in sous-vide technology. These
parameters are highly dependent on the raw material and the physical size of the sample.

The sous-vide technology has been a constant focus of interest since its development
in the 1970s. Today, it is not only used alone but also in combination with other low-
impact processes, as these combined processes can reduce the food safety risk associated
with the technology due to the low-temperature heat treatment. Forward-looking results
have been obtained for sous-vide chicken breasts, where the temperature was increased in
several steps during the heat treatment [10–12]. Both the texture, weight loss values, and
organoleptic properties were improved compared to the single-step treatment.

High hydrostatic pressure (HHP) extends shelf life while retaining the original flavor
and characteristics of food [13,14]. The different effects of HHP are widely investigated
and have been found to be very effective in stabilizing the microbial state while having
only a mild impact on the structural, organoleptic, or other physical or chemical param-
eters of the product. HHP inactivates microorganisms by damaging their membranes,
denaturing the enzymes, and changing cell morphology [15]. This technology is being ap-
plied to dry-fermented sausage [16], fish [17], seafood (oyster) processing [18], cheese [19],
sauerkraut [20], and pseudo-meat products [21]. In the case of meat alternatives, the quality
attributes were highly affected by the pre-treatment method, so the results for aroma,
texture, and weight loss are promising both in the mild-heat and the HHP treatment [21].

Apart from the above-mentioned beneficial results, the application of HHP may
generate higher lipid oxidation rates [22,23] or higher weight loss due to the modified
cell structure and membrane damage. Hassoun and colleagues [24] provide a thorough
description of the effects of traditional and low-impact technologies, noting the importance
of heat load reduction and homogeneity in heat treatments. In the case of HHP technology,
all cited studies report an increase in shelf life [24].

Combining these two physical minimal processing methods—a thermal and a non-
thermal technique—without altering the composition with the addition of acids or preser-
vative chemicals seems to fulfill the requirements. Following the hurdle principle [25], the
heat treatment may increase the lethality and decrease the intensity of the high-pressure
treatment process [26]. In fact, the sous-vide technology itself is a three-step combined
technology and thus a good example of the hurdle principle [25]. It combines (i) vacuum
packaging with the exclusion of oxygen and resulting anaerobic conditions, (ii) mild heat
treatment (55–90 ◦C) with precise temperature control, and (iii) quick cooling and refriger-
ated storage after heat treatment. The high hydrostatic pressure as an additional hurdle may
reduce the necessity of strict refrigeration and could mean safer and more stable products,
lower costs, higher nutritional value, and easier handling. As the PA/PE poach packaging
of the raw material is suitable for both technologies, cross- and post-contamination is
excluded at all levels of the technology chain during treatments.

Traditional cooking methods, pasteurization alone, or pressure treatment at ambient
temperature are not sufficient to inactivate bacterial spores. Even when food is processed
for extended holding times, only living bacterial cells are vulnerable. Single-step treatments
at higher temperatures (>121 ◦C) or at higher pressure levels (>800 MPa) can kill pathogens
and inactivate spores as well. On the other hand, the combination of pressure (500–900 MPa)
and heat (90–120 ◦C) is required to inactivate bacterial spores [27]. The application of heat
at slightly elevated pressure values (2–300 kPa) is widely used as a sterilization process
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for medical or waste treatment purposes. Examples can be found for pressure-assisted
thermal sterilization of foods, aiming to inactivate bacterial spores [27–31]. Hygreeva
and Pandey [32] reviewed the safety aspects of the HHP processing, mentioning the
“intelligent combination of pressure (600–800 MPa) and high temperature (60–90 ◦C)”.
Researchers and engineers are facing several technical difficulties in implementing the
simultaneous application of heat and pressure treatment (process control, seals and leakage
in the unit, and more intensive check intervals). Moreover, these types of treatment are
often inappropriate when speaking of minimal processing techniques aiming to preserve
fresh organoleptic character and high nutritional value. It is essential to find the right
balance between preservation goals and an acceptable level of quality damage due to the
different treatments applied.

Little research has been recently published within the scope of the combined heat and
pressure treatment. Zamri et al. [33] investigated the texture of chicken breast; Picouet et al. [34]
prepared and tested pressurized sous-vide cooked salmon; Yi et al. [35] studied wine-
marinated ready-to-eat shrimp treated by HHP; Chakraborty, et al. [36] researched pineapple;
Espinosa et al. [37] investigated sous-vide cooked seabream; Hong et al. [38] measured the
characteristics of combined thermal—HHP treated pork; Sun et al. [39] treated beef steak
intended to be used for sous-vide cooking; while Zheng et al. [40] published results on chicken
batters—applying all combinations, including simultaneous heat and pressure treatment. A
recent paper on beef patties focused on weight loss, color and texture parameters, and the
optimum values (◦C, MPa, time) for the heat and pressure treatment, but without considering
the order of the procedures [41].

Consequently, the aim of this work was to study the effect of the combined sous-vide
and high hydrostatic pressure treatment on the physical, chemical, and microbiological
parameters of pork. The same parameters were measured after the 21-day storage period
both at a satisfactory 2 ◦C and at an exceeding 8 ◦C. The required storage temperature
for sous-vide products is limited to strictly below 3 ◦C to prevent toxin production by
Clostridium spores, which can only occur above 3.5 ◦C. The 2 ◦C meets the regulations,
while 8 ◦C is clearly outside the expected storage temperature range [5]. Thus, on the one
hand, we can show the effect of compliant and non-compliant storage temperatures and,
on the other hand, we wanted to model the clear reliability of the combined technologies in
cases where the storage temperature exceeds the regulatory value. Similar studies have
already been published in this field but to the best of our knowledge, this is the first complex
study to investigate in detail the effects of the order of the dual heat-pressure treatment.

2. Materials and Methods
2.1. Preparation of the Samples

Meat samples (3 whole vacuum-packed pork chops (longissimus thoracis and lum-
borum muscles (LTL)) were purchased from a local wholesale market. The pork chops
weighed m1 = 3.74 kg, m2 = 3.88 kg, and m3 = 3.69 kg. Besides the breed (Hungahybrid
AB, Béta Fresh Kft., Hajdúnánás, Hungary), other biological characteristics of the meat
were unknown. The main focus of this research was the impacts of various treatment
combinations on randomly selected raw materials rather than the effects of gender or age.
Samples were prepared by cutting the meat crosswise in the direction of muscle fibers after
removing surface fat, ligament, and connective tissue. A total of 126 samples were prepared
for analysis. Two sample sets were prepared (one set: two sample/treatment/pork chop)
one for physical and chemical analysis while the other set was used for microbiological
and challenge tests. The average sample size was 43.53 ± 3.27 g.

Meat pieces were vacuum-packed using a Multivac C100 vacuum sealing machine
(MULTIVAC Sepp Haggenmüller SE & Co. KG, Wolfertschwenden, Germany) in a 90 µm
PA/PE pouch (20 µm PA—70 µm PE, AMCO Kft., Budapest, Hungary); the pouch had
an oxygen permeability of 50 cm3/m2 per 24 h at 23 ◦C/75% HR and a water/steam
permeability of 2.6 g/m2 per 24 h at 23 ◦C/85% HR.
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The moisture, pH, protein, and fat content of the raw meat were measured in triplicate
using the procedures reported by AOAC [42]. Additionally, the color, texture, TBARS, DSC,
and microbiological analyses were also carried out on the untreated meat. Table 1 shows
the measured parameters of the raw material.

Table 1. Compositional data and characterization of the raw longissimus muscle.

Moisture (%) 73.29 ± 0.19
Protein (%) 21.74 ± 0.25
Fat (%) 1.43 ± 0.09
pH 5.97 ± 0.09
Color L* 48.55 ± 0.72

a* 6.85 ± 0.54
b* 1.76 ± 0.65

DSC denaturation heat (J/g) total 3.09 ± 0.18
denaturation heat (J/g)—myosin peak * 0.76 ± 0.08
denaturation heat (J/g)—sarcoplasmic and
connective tissue proteins peak * 1.31 ± 0.14

denaturation heat (J/g)—actin peak * 1.26 ± 0.12
Texture hardness (N) 2.28 ± 0.15
TBARS mg MDA/kg 1.78 ± 0.16
Microbiology anaerobic TVC (log10, cfu/g) 3.02 ± 0.09

aerobic TVC (log10, cfu/g) 3.33 ± 0.07
L. monocytogenes TVC (log10, cfu/g) 5.33 ± 0.36 **

Indicated values are means ± SE (based on three measurements of the compositional data and six of the physical
properties). * Setaram’s (Caluire, France) Calisto Processing (ver. 7.6) software’s Gauss method was used for peak
separation. ** Value measured on challenge test samples after inoculation.

For conducting challenge experiments, fresh overnight cultures of Listeria monocy-
togenes H3 isolated from meat in BH broth (Merck 110493, Darmstadt, Germany) were
washed three times and re-suspended in a sterile saline solution. The viable count of the
washed cell suspension in Maximal Recovery Diluent (MRD) (Merck 112535, Darmstadt,
Germany) was determined by spread-plating 0.1 mL of the suspensions on Palcam Agar
Base (Merck 111755, Darmstadt, Germany) supplemented with Palcam Listeria Selective
Supplement (Merck 112122, Darmstadt, Germany). The plates were incubated at 37 ◦C for
24 h.

The washed suspension of L. monocytogenes was used to inoculate the meat samples to
reach an approximate initial count of 105 CFU/g. Uninoculated meat samples were also
prepared as a control.

2.2. Treatments

The samples were subjected to either single heat or pressure treatments, as well as
dual treatments (combined heat + pressure or pressure + heat) (Table 2).

Table 2. The parameters of the single and combined treatment sample groups.

GROUP VACUUM HEAT PRESSURE ORDER

Temp., ◦C Time, min MPa Time, min. Temperature, ◦C

SV + 60 60 - - - -
HHP 300 + - - 300 5 RT -
HHP 600 + - - 600 5 RT -

SV + HHP 300 + 60 60 300 5 RT Heat + Pressure
SV + HHP 600 + 60 60 600 5 RT Heat + Pressure
HHP 300 + SV + 60 60 300 5 RT Pressure + Heat
HHP 600 + SV + 60 60 600 5 RT Pressure + Heat

RT: room temperature (20 ± 1 ◦C).
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2.2.1. Single Sous-Vide (SV) and High Hydrostatic Pressure (HHP) Processing

Samples that had been subjected to thermal treatment were processed sous vide in a
25 L water bath (Labor Műszeripari Művek LP507/1, Budapest, Hungary) at a constant
temperature of 60 ± 1 ◦C for 60 min, which is equivalent to the heat treatment (core
temperature) of a medium-cooked steak. The samples were immediately cooled in ice
water after cooking. Temperature control of the process was achieved using a portable
Testo 926 thermometer equipped with a Testo type T thermocouple needle probe (Testo SE
& Co. KGaA, Lenzkirch, Germany).

Meat samples were pressure-treated at 300 MPa and 600 MPa for 5 min at room
temperature using RESATO FPU-100-2000 equipment with a vessel volume of 2 L (Resato
International B.V., Assen, The Netherlands). The pressure-transmitting fluid was supplied
by the manufacturer (Resato PG fluid, Assen, The Netherlands). The initial temperature of
the pressure-transmitting fluid was 21 ± 0.5 ◦C; after the adiabatic temperature rise, the
maximum temperature in the pressure chamber was 28.8 ◦C. The pressure build-up rate
was 100 MPa/min. The treatment time did not include the build-up and decompression
times. The applied pressure values were determined for the experiment using the extensive
review by Cheftel-Culioli (1997). 600 MPa is a generally applied pressure value in the
industry and has a strong effect on both meat structure and microbiological parameters.
The lower 300 MPa pressure value is considered a mild pressure treatment, minimally
affecting the textural attributes and the protein structure of meat [43].

2.2.2. Combined Heat and High Hydrostatic Pressure Processing

The technologies of heat and pressure treatment were also combined (Table 2). Heat
treatment was conducted at 60 ± 1 ◦C for 60 min, and high hydrostatic pressure was
applied at 300 MPa and 600 MPa for 5 min. The combinations were as follows: heat after
pressure treatment and pressure after heat treatment at both pressure levels.

2.2.3. Treatment Parameters

Considering the size of our samples, the treatment parameters were determined by
heat transfer calculations [44] and previous practical experience of cooking sous vide.
For the high hydrostatic pressure treatment, two threshold pressure values were chosen:
300 MPa, which is approximately the minimum pressure required for irreversible protein
denaturation and microbiological inactivation, and 600 MPa, which is a commonly used
pressure value in the food industry [45].

2.3. Storage Conditions

The treated samples were stored for three weeks at two different temperatures, 2 ◦C
and 8 ◦C, in two identical cooling cabinets (J 600-2, Thermotechnika Ker. Ltd., Budapest,
Hungary). Sampling was conducted on day 0 (4 h after processing) and at the end of the
three-week storage period.

2.4. Analysis of the Quality Parameters
2.4.1. Weight Loss

Weight loss is expressed as a percentage of the original weight of each sample. It
was calculated by dividing the difference between pre- and post-treatment weight by the
pre-treatment weight of the meat samples measured with a Kern PLJ 3500-2NM balance
(Kern & Sohn, Ebingen, Germany).

2.4.2. pH Value

The pH value was determined at room temperature using a Testo 206 pH meter (Testo
SE & Co. KGaA, Lenzkirch, Germany).
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2.4.3. Moisture Content

Moisture content was determined using a Sartorius Thermo Control YTC 01L moisture
analyzer (Sartorius AG., Goettingen, Germany). The samples were dried at 105 ◦C until a
constant weight was achieved.

2.4.4. Water Holding Capacity (WHC)

The WHC was determined with a modified enhanced force approach method, known
as the Grau & Hamm filter paper method [46]. A 500 g weight was used to press the small
pieces of meat cut off from the samples (~0.2 g) for 5 min. The values are expressed in
mm2/mg.

2.4.5. Color

The color of the meat samples was measured using a Minolta CR-400 chroma meter
(Konica Minolta, Inc., Tokyo, Japan) with an 8 mm aperture size and a 2◦ observer. Prior
to measurements, the device was calibrated with illuminant C on a standard white CR
A43 reflectance calibration plate. The measured CIELAB data [47] were L* (lightness), a*
(redness), and b* (yellowness) values. The meat color was measured at room temperature
on the freshly cut surface of the sample.

2.4.6. Texture

Measurements were conducted at room temperature using a Stable Micro System TA
XT Plus instrument (Stable Micro Systems Ltd. Godalming, Surrey, UK) equipped with a
50 kg force load cell. A 2 mm diameter needle probe (P/2N) was used for the puncture test.
The direction of penetration was perpendicular to the fibers, the distance was 20 mm, and
the trigger force was 0.05 N. Both the pre-test and test speeds were 2 mm/s. The force was
recorded as a function of distance. To determine the hardness of the samples, the maximal
force (Fmax, N) was used as a texture parameter.

2.4.7. Lipid Oxidation

The thiobarbituric acid-reacting substances (TBARS) were determined in the samples
using the method described by Botsoglou et al. [48]. This method is based on the reaction
of malondialdehydes (MDAs) with thiobarbituric acid, resulting in a pinkish complex that
can be detected with a spectrophotometer. The absorbance was measured at 532 nm with a
Hitachi U-2900 UV–VIS instrument (Hitachi-shi, Japan). TBARS values were calculated
and expressed as milligrams of MDA equivalent per kilogram sample.

2.4.8. Differential Scanning Calorimetry (DSC)

The changes in the state of meat proteins were monitored using a SETARAM micro
DSC-III differential scanning calorimeter (SETARAM Instrumentation, Caluire, France).
The temperature range scanned was 20–95 ◦C at a heating rate of 1 ◦C/min. The DSC
curves were analyzed in the range of 35–90 ◦C using the SETARAM Calisto Processing
software 7.6.of the instrument. The total denaturation enthalpy of each meat sample was
determined by calculating the enthalpy through integration, which is equal to the area
between the acquired DSC curve and the baseline.

2.4.9. Microbial Analysis

A five-times stock dilution of the meat samples was prepared in stomacher bags by
adding sterile MRD and placed into a stomacher homogenizer for 2 min. Serial (1:10)
dilutions were prepared in sterile MRD.

Pour-plating (1.0 mL) on plate count agar (PCA) (Merck 105463, Darmstadt, Germany)
was used to determine the total aerobic viable numbers. Total anaerobic viable numbers
were determined on reinforced clostridial agar (RCM) (Merck 105410), also by pour-plating
(1.0 mL). Both PCA and RCM plates were incubated at 30 ◦C for 72 h; in the case of RCM, in
anaerobic jars. Listeria monocytogenes was enumerated by spread-plating on PALCAM agar
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base (Merck 111755) supplemented with PALCAM Listeria Selective Supplement (Merck
112122, Darmstadt, Germany). Plates were incubated at 37 ◦C for 48 h. The results were
expressed as log CFU/g.

2.5. Statistical Analysis

Data were evaluated by conventional statistical methods to calculate means and stan-
dard errors. All the measurements were repeated three times, and the data are presented
as means ± SE. The effect of storage and single-step treatments was analyzed by one-way
ANOVA (3 groups), while the effect of pressure level and treatment order was analyzed
using the two-way ANOVA method. Tukey’s post hoc test was performed in both analyses.
The homogeneity of variance was tested by the Levene test. The statistical software used
was Microsoft Excel (2301 buildverzió16.0.16026.20196) and IBM SPSS (Version 29, SPSS
Inc., Chicago, IL, USA) for Windows. Levels for significant differences were set at p < 0.05.

3. Results and Discussion
3.1. Comparison of the Effects of the Single Heat and Pressure Treatments Focusing on the
Main Differences

The results of the measurements on the single-step heat- or pressure-treated samples
are presented in Table 3. Heat and pressure act differently on proteins. The differences
between the single heat and pressure treatments are mainly derived from the different
ways they modify the protein structure of the meat. The behavior of the different protein
groups under heat or pressure treatment can be followed on DSC thermograms [49–51].
This dissimilarity is not explained by the measured enthalpy values alone, where no
significant differences were observed between the treatments; also the form and pattern
of the thermogram can characterize the single heat- or pressure-treated meat samples
(Figure 1a). The raw pork sample has three dominant endothermic peaks: the myosin at
around 49–52 ◦C, the sarcoplasm and connective tissue proteins at 56–58 ◦C, and the actin
at 71–73 ◦C. The total measured enthalpy value was 3.09 J/g in the case of the raw pork
sample, which has three well-distinguished peaks. These values correspond to the findings
of our previous study where the myosin protein group was found at 50–55 ◦C (enthalpy
value: 0.76 J/g), the sarcoplasm proteins and collagen at around 60–65 ◦C (enthalpy value:
1.31 J/g), and the actin at 70–75 ◦C (enthalpy value: 1.31 J/g), [51]. The sous-vide-treated
sample showed a complete loss of the myosin peak, and only a partially modified collagen
peak could be observed.
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In the case of high hydrostatic pressure treatment, the first observation was that
the HHP treatment affected different protein groups than the heat treatment-induced
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denaturation. Above 200 MPa, denaturation can be seen on the myosin and actin groups,
and their peak is modified, but in most cases, their complete loss can be observed. Below this
pressure value, the treatment has practically no effect on the techno-functional properties
of the meat samples [51,52]. The collagen and sarcoplasmic proteins are still stable, and
the pressure has only a slight effect on them. Cheftel and Culioli [43] cite several studies
reporting diverse changes even after a 100 MPa HHP treatment.

Regarding weight loss, the heat-treated samples produce more important loss due to the
shrinkage of myofibrils [53]. Weight loss values of the SV samples were not affected by storage
temperature, while in the pressure-treated samples, higher weight loss values were observed.
The higher the temperature, the more important the exudate. Contradicting these weight loss
values (mainly water), moisture content does not show similar tendencies. Since Grau and
Hamm [46] proposed a simple and very effective technique to measure the water-holding
capacity (WHC) of meat (the ability of meat to retain its natural water content), it has been
extensively reviewed in several studies. Regarding the WHC values in our work (results not
shown in this paper), we must conclude that samples where essentially different treatments
were applied were not comparable due to the different weight losses induced by the treatments.
This weight loss comprised mainly water, and these differences led to contradictions in the
interpretation of the results (i.e., a sample that lost more weight—i.e., moisture/water—during
the treatment resulted in a better WHC value, which is not necessarily an expression of the
real water-holding parameter of the treated meat).

The applied single sous-vide heat treatment at 60 ◦C and the 600 MPa pressure
treatment resulted in a similar and slightly lighter color than the L* observed in the single
300 Mpa-treated sample. This value was stable with no significant change during the
storage period. The measured a* values in the single-treated sous-vide meat samples were
stable at both temperatures during the storage period. In contrast, the pressure-treated
meat samples recovered part of their redness during the 21-day storage both at 2 ◦C and at
8 ◦C. This phenomenon was observed at both pressure levels, but it was more intense in
the 300 Mpa-treated samples.

Lipid oxidation measurements diversify our samples well. In the case of day 0
HHP-treated samples, the higher pressure level resulted in higher TBARS values (1.67
and 2.98 mg MDA/kg), while HHP 300 and SV samples were in the same range (1.67 and
1.84 mg MDA/kg). Regarding the effect of storage, the 300 Mpa samples were stable but
at a higher (8 ◦C) temperature, the TBARS value was slightly higher, though not signifi-
cant. SV and HHP samples showed a further increase of secondary oxidation products
during the 3-week storage period, meaning significantly higher TBARS values. Nota bene,
pressure treatment at a higher level induced more important degradation of the lipids
than the sous-vide heat treatment did. These findings are in accordance with the results
of Huang et al. [22] concerning pork. They found no significant effect under a 200 Mpa
treatment, but the next pressure level applied (400 Mpa) already showed increased TBARS
values, which rose further as the pressure level was set to 600 Mpa. Regarding heat treat-
ment, Roldan et al. [54] proposed to keep sous-vide temperature and heat treatment time at
a minimal level to maintain product quality. This advice prioritized both oxidative stability
and organoleptic quality.

Meat toughness is another elemental sensory parameter. The sous-vide cooking method
gained popularity mainly because of its tenderizing effect. Christensen et al. [55,56] found
that the low-temperature–long-time heat treatment increases tenderness in comparison to
traditional cooking. In our experiment, the sous-vide heat treatment was sufficient to result
in a tender sample, and this texture characteristic was nearly constant during the storage
period (Table 3). The 600 MPa pressure-treated samples had similar hardness values to the
sous-vide samples. It can be related to the ‘doneness’ of the samples, as the 600 MPa pressure-
treated samples were very similar in appearance to the cooked ones. Their appearance and
behavior were similar to that of the cooked samples. DSC enthalpy values can confirm this
(meaning the undenatured ratio of meat proteins), as compared to the sous-vide samples, the
600 MPa pressure-treated samples showed nearly 50% lower measured enthalpy values. In
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contrast the 300 MPa samples showed similar total enthalpy values as the sous-vide samples
although similar values were obtained it is due to the denaturation of different protein groups
(Figure 1a).

Table 3. The results of the measurements for the single-step heat- or pressure-treated pork LTL muscle
samples.

Day 0 Day 21/2 ◦C Day 21/8 ◦C

Moisture (%) SV 65.91 ± 1.59 a,X 68.20 ± 0.76 a,X 67.52 ± 1.54 a,X

HHP 300 71.30 ± 0.82 a,X 69.50 ± 0.59 a,X 72.20 ± 1.16 a,X

HHP 600 71.63 ± 1.16 a,X 69.96 ± 0.93 a,X 71.92 ± 0.16 a,X

Weight loss (%) SV 18.96 ± 0.66 a,Y 24.28 ± 0.52 a,Y 24.65 ± 1.18 a,Y

HHP 300 4.12 ± 0.63 a,X 7.73 ± 1.09 b,X 11.00 ± 0.84 b,X

HHP 600 5.08 ± 0.52 a,X 9.67 ± 0.77 b,X 12.61 ± 0.77 c,XY

pH SV 6.08 ± 0.09 a,X 6.04 ± 0.05 a,X 5.95 ± 0.08 a,X

HHP 300 5.90 ± 0.07 a,X 6.00 ± 0.05 a,X 5.82 ± 0.03 a,X

HHP 600 5.99 ± 0.07 a,X 6.05 ± 0.06 a,X 6.01 ± 0.08 a,X

Color L* SV 75.75 ± 0.20 a,X 76.36 ± 0.33 a,X 75.42 ± 0.30 a,XY

HHP 300 74.55 ± 0.29 a,X 74.04 ± 0.88 a,Y 73.15 ± 0.91 a,X

HHP 600 77.58 ± 0.60 a,Y 77.02 ± 0.21 a,X 77.49 ± 0.79 a,Y

a* SV 8.09 ± 0.14 a,Y 8.01 ± 0.24 a,Y 8.04 ± 0.13 a,Y

HHP 300 7.71 ± 0.23 a,Y 8.76 ± 0.31 ab,XY 9.65 ± 0.38 b,Z

HHP 600 6.36 ± 0.41 a,X 7.27 ± 0.17 a,X 7.11 ± 0.14 a,X

b* SV 3.97 ± 0.21 a,X 5.35 ± 0.06 c,Y 4.65 ± 0.14 b,Y

HHP 300 3.53 ± 0.24 b,X 2.68 ± 0.18 a,X 3.22 ± 0.25 ab,X

HHP 600 5.88 ± 0.09 a,Y 6.11 ± 0.16 a,Z 6.15 ± 0.11 a,Z

DSC denaturation
heat (J/g) SV 1.05 ± 0.03 a,X 1.14 ± 0.03 a,X 1.63 ± 0.23 a,X

HHP 300 1.07 ± 0.05 a,X 0.90 ± 0.02 a,X 0.87 ± 0.19 a,X

HHP 600 0.57 ± 0.05 a,X 0.63 ± 0.11 a,X 0.72 ± 0.16 a,X

Texture hardness (N) SV 5.44 ± 0.43 a,X 4.78 ± 0.07 a,X 5.30 ± 0.28 a,X

HHP 300 2.55 ± 0.32 a,Y 3.75 ± 0.33 a,Y 3.03 ± 0.81 a,X

HHP 600 5.93 ± 0.14 a,X 4.83 ± 0.94 a,X 5.60 ± 1.23 a,X

TBARS mg MDA/kg SV 1.84 ± 0.23 a,X 2.45 ± 0.03 a,Y 3.20 ± 0.11 b,Y

HHP 300 1.67 ± 0.28 a,X 1.67 ± 0.05 a,X 1.79 ± 0.06 a,X

HHP 600 2.98 ± 0.29 a,Y 3.44 ± 0.05 a,Z 4.97 ± 0.05 b,Y

Microbiology anaerobic TVC
(log10 CFU/g) SV 1.05 ± 0.20 a,X 1.27 ± 0.35 a,X 4.30 ± 0.12 b,X

HHP 300 1.53 ± 0.48 a,X 5.75 ± 1.11 a,X 7.79 ± 0.38 a,Y

HHP 600 <0.70 ± 0.00 a,X 2.61 ± 0.62 a,X 7.70 ± 0.27 b,Y

aerobic TVC
(log10 CFU/g) SV 2.21 ± 0.23 a,X 3.80 ± 0.00 a,X 7.80 ± 0.23 b,X

HHP 300 4.13 ± 0.77 a,X 6.10 ± 1.16 a,X 8.10 ± 0.23 a,X

HHP 600 2.68 ± 1.18 a,X 3.22 ± 0.59 b,X 8.55 ± 0.09 b,X

L. monocytogenes
TVC (log10
CFU/g)

SV <1.70 ± 0.00 n/a,X <1.70 ± 0.00 n/a,X <1.70 ± 0.00 n/a,X

HHP 300 2.59 ± 0.65 a,X 4.00 ± 0.19 a,Y 7.64 ± 0.23 a,Z

HHP 600 <1.70 ± 0.00 a,X <1.70 ± 0.00 a,X 4.94 ± 0.29 b,Y

Indicated values are means ± SE (based on six replicates). Means in the same row with different letters (a, b, c, . . .)
are significantly different (p < 0.05). Means in the same column at a given parameter with different letters (X, Y, Z,
. . .) are significantly different (p < 0.05). n/a—not applicable, below the detection limit. The detection limit was
0.7 log10, cfu/g (aerobic and anaerobic TVC), and 1.7 log10, CFU/g (L. monocytogenes TVC).

The sous-vide cooking alone dramatically reduced the microbial population at the
applied time–temperature combination. Both aerobic and anaerobic viable counts increased
during storage time at 8 ◦C, but not at 2 ◦C. The importance of the storage temperature
of the sous-vide products is emphasized [1,44], as our study proves again the necessity of
strict storage parameters. The microbial state of the samples treated with HHP at 300 Mpa
was clearly not satisfactory after the storage period. It also left uncertainties concerning
the day 0 samples regarding their aerob TVC value. The HHP 600 samples showed better
results regarding anaerobic TVC but during the storage period these CFU/g values have
increased rapidly as well—higher storage temperature (8 ◦C) accelerated microbial growth.
The initial aerobic TVC count of the treated samples was more remarkable on day 0, and
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they reached log108 TVC (at 8 ◦C) in all single-treated samples. Kurp et al. reported
similar results [57] for sous-vide-treated pork loin for both weight loss, texture, and color
measurement results, but it should be emphasized that their research focused more on
kinetic analysis and the effect of treatment temperature (in the 60–75 ◦C range).

3.2. Combined-Treated Samples

The overall results of the measurements of the combined-treated samples are shown
in Table 4, while Table 5 focuses on whether the treatment order, the pressure level, or the
interaction of the two factors has a significant impact on the measured attributes.

Table 4. The results of the measurements of the combined heat- and pressure-treated pork LTL muscle
samples (mean ± standard error) (n = 6).

Treatment
Order Pressure Day 0 Day 21/2 ◦C Day 21/8 ◦C

Moisture (%)
SV + HHP

300 Mpa 66.09 ± 2.06 69.15 ± 0.23 70.67 ± 1.09
600 Mpa 68.91 ± 1.57 68.01 ± 1.66 68.07 ± 1.83

HHP + SV
300 Mpa 66.97 ± 1.31 68.77 ± 0.64 68.48 ± 0.79
600 Mpa 65.26 ± 1.32 65.04 ± 0.47 66.24 ± 0.87

Weight loss (%)
SV + HHP

300 Mpa 19.34 ± 0.21 20.48 ± 0.22 22.82 ± 0.74
600 Mpa 21.24 ± 1.12 23.26 ± 1.72 23.55 ± 0.27

HHP + SV
300 Mpa 20.31 ± 0.78 19.18 ± 1.17 21.41 ± 0.55
600 Mpa 31.09 ± 0.04 28.01 ± 0.67 31.59 ± 0.29

pH
SV + HHP

300 Mpa 6.02 ± 0.07 6.03 ± 0.09 5.94 ± 0.05
600 Mpa 6.06 ± 0.07 6.05 ± 0.07 5.98 ± 0.06

HHP + SV
300 Mpa 6.11 ± 0.07 6.03 ± 0.06 6.01 ± 0.07
600 Mpa 6.10 ± 0.08 6.07 ± 0.05 5.99 ± 0.07

Color L*
SV + HHP

300 Mpa 74.64 ± 0.28 74.61 ± 0.49 75.11 ± 0.43
600 Mpa 74.91 ± 0.43 73.49 ± 0.94 74.15 ± 0.69

HHP + SV
300 Mpa 80.82 ± 0.50 80.21 ± 0.75 80.07 ± 1.05
600 Mpa 79.78 ± 0.36 79.99 ± 0.70 78.79 ± 1.17

a*
SV + HHP

300 Mpa 7.63 ± 0.39 7.77 ± 0.38 7.69 ± 0.30
600 Mpa 6.48 ± 0.30 6.44 ± 0.33 6.40 ± 0.30

HHP + SV
300 Mpa 6.56 ± 0.25 6.82 ± 0.30 7.32 ± 0.31
600 Mpa 4.75 ± 0.13 5.66 ± 0.37 5.88 ± 0.40

b*
SV + HHP

300 Mpa 4.37 ± 0.21 4.92 ± 0.19 4.91 ± 0.31
600 Mpa 5.86 ± 0.22 6.25 ± 0.14 6.42 ± 0.18

HHP + SV
300 Mpa 4.41 ± 0.18 5.09 ± 0.21 5.38 ± 0.43
600 Mpa 6.24 ± 0.11 6.66 ± 0.19 6.73 ± 0.27

DSC denaturation heat
SV + HHP

300 Mpa 1.30 ± 0.02 1.01 ± 0.35 0.80 ± 0.11
(J/g) 600 Mpa 0.46 ± 0.04 0.49 ± 0.04 0.54 ± 0.11

HHP + SV
300 Mpa 0.65 ± 0.28 0.66 ± 0.18 0.52 ± 0.07
600 Mpa 0.64 ± 0.23 0.46 ± 0.16 0.54 ± 0.13

Texture hardness (N)
SV + HHP

300 Mpa 6.03 ± 0.30 4.69 ± 0.31 4.87 ± 0.63
600 Mpa 7.79 ± 0.26 6.04 ± 0.23 8.75 ± 1.13

HHP + SV
300 Mpa 5.37 ± 0.01 4.42 ± 0.21 5.35 ± 0.15
600 Mpa 7.69 ± 0.67 5.75 ± 0.41 8.00 ± 0.81

TBARS mg MDA/kg
SV + HHP

300 Mpa 1.93 ± 0.41 1.94 ± 0.19 2.79 ± 0.02
600 Mpa 6.07 ± 0.26 5.15 ± 0.49 6.24 ± 0.07

HHP + SV
300 Mpa 2.80 ± 0.62 1.86 ± 0.04 2.82 ± 0.06
600 Mpa 5.69 ± 0.49 5.11 ± 0.05 5.54 ± 0.13

Microbiology anaerobic TVC
SV + HHP

300 Mpa <DL 1.72 ± 0.02 3.20 ± 0.10
(log10 CFU/g) 600 MPa <DL 1.24 ± 0.24 2.70 ± 0.20

HHP + SV
300 MPa <DL 1.62 ± 0.08 2.30 ± 0.10
600 MPa <DL <DL 1.35 ± 0.45

aerobic TVC
SV + HHP

300 MPa 1.85 ± 0.37 3.50 ± 0.12 5.78 ± 0.45
(log10 CFU/g) 600 MPa 1.60 ± 0.10 3.32 ± 0.10 4.67 ± 1.10

HHP + SV
300 MPa 1.97 ± 0.32 3.39 ± 0.05 3.55 ± 0.11
600 MPa <DL 2.72 ± 0.27 2.25 ± 0.15

L. monocytogenes
SV + HHP

300 MPa <DL <DL <DL
TVC (log10
CFU/g) 600 MPa <DL <DL <DL

HHP + SV
300 MPa <DL <DL <DL
600 MPa <DL <DL <DL

SV + HHP: sous-vide treatment followed by pressure treatment. HHP + SV: pressure treatment followed by
sous-vide treatment. Detection limit (DL) was 0.7 log10 CFU/g (aerobic and anaerobic TVC) and 1.7 log10 CFU/g
(L. monocytogenes TVC).
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Table 5. The effects of the treatment order, the pressure level, and their interaction, based on the
measurements of the combined heat- and pressure-treated samples.

p (Order of
Treatments) p (Pressure Level) p (Order of Treatments

× Pressure Level)

Moisture (%) 0.085 0.101 0.361
Weight loss (%) <0.001 *** <0.001 *** <0.001
pH 0.197 0.859 0.557
Color L* 0.105 0.154 0.245

a* <0.001 *** <0.001 *** 0.565
b* 0.030 * <0.001 *** 0.619

DSC denaturation heat (J/g) 0.067 * 0.003 ** 0.020 *
Texture hardness (N) 0.508 <0.001 *** 0.817
TBARS mg MDA/kg 0.989 0.043 * 0.985
Microbiology anaerobic TVC (log10, CFU/g) 0.373 0.898 0.407

aerob TVC (log10, CFU/g) 0.268 0.523 0.957
L. monocytogenes TVC (log10
CFU/g) n/a n/a n/a

*** significant effect at p < 0.001; ** significant effect at p < 0.01; * significant effect at p < 0.05. n/a—not applicable;
below detection limit in all cases.

The pH value of the combined-treated samples showed a slight difference (0.09 and
0.04 units at 300 MPa and 600 MPa, respectively) between the treatment orders on day 0.
For the samples stored at 2 ◦C, the pH value was stable in all cases, but a modest decrease
(still not significant) was observed during the storage period at 8 ◦C. This phenomenon
could be a result of the accumulation of lactic acid at this elevated temperature.

Both treatment order and pressure level had strong effects (p < 0.001) on weight loss
(Table 5). As expected, a higher pressure level resulted in higher weight loss, as 600 MPa
pressure treatment causes irreversible protein denaturation and cell membrane damage,
which may facilitate this mechanism In addition, the interaction of these two factors also
had a significant (p < 0.001) effect. The pressure after the heat treatment order led to
higher weight loss values. As for the first impact, the HHP modified the cell membranes,
followed by the heat treatment that could have more impact on the meat tissues with
injured membranes and modified protein structure. This was also more visible in the
higher-pressure (600 MPa) samples. These weight loss values maintained near constant
levels during the storage period, at both temperatures. Although the treatment order and
pressure level significantly affected weight loss, they did not have a significant effect on the
moisture content of sous-vide and HHP-treated pork samples. The order of treatments: a
borderline result of a significant difference of 95% was found with a p value of 0.085.

Color measurement: Lightness (L*) values of the combined-treated samples showed
differences, though not significant when switching the order of treatments. Samples that
had undergone pressurization followed by heat treatment had a somewhat lighter color
than the samples treated in the reverse order (a 5–6 unit L* gap). There was no sign of an
important L* value change during the storage period or due to the applied pressure level.

The order of the treatments as well as the pressure level had a strong significant effect
on the redness (a*) values (p < 0.001 in both cases). The heat + pressure treatment caused
a more intense redness. The SV + HHP-treated meat samples showed no considerable
change during storage. The HHP + SV-treated samples recovered their redness during the
21-day storage, which was more visible at the higher (8 ◦C) storage temperature. It seems
to us that the first impact on the sample also determines the consequences for the a* values.

Contrary to the a* values, the observed yellowness (b*) data showed a modest shift towards
a yellowish color cast during the 21-day storage period. Both pressure-treated samples remained
stable without noticeable differences. The pressure level had a strong significant effect on the b*
values at p < 0.001, while the treatment order had a significant —though to a lesser extent—effect
on the samples at p < 0.05.
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Increasing pressure levels resulting in higher lipid oxidation of beef and chicken
breast muscle, and marine and pork fats were reported by Cheftel and Culioli [43] and
Ma et al. [23]. Despite the very clear effect of the pressure level on the TBARS values, this
factor only led to significant differences (p < 0.043) due to higher variance within groups.
Regarding the pressure level, our results are similar to those found by Huang et al. [22] in
a detailed study of pork lipid oxidation. As the pressure level of the treatments increased,
more secondary oxidation products and higher TBARS values were detected in their
research (the peak TBARS value was measured at 400 MPa and after heat treatment at a
lower temperature). The effect of storage was not examined in that case. Our measurements
of TBARS values showed no change within the 21-day storage period at 2 ◦C and a minimal
rise at 8 ◦C. The treatment order had no effect on this parameter.

The result of the thermal analysis shows a significant impact (p < 0.001) of the pres-
sure level and a borderline near-significant difference (p = 0.067) caused by the order of
treatments. The interaction of the two factors was also significant (p = 0.02). In the samples
where pressure was the first treatment, the pressure level had less of an impact on the
enthalpy values. When the sous-vide samples were pressurized, a decrease in denaturation
heat was observed during the storage period. Changes in the protein structure were more
important in the 300 MPa samples. However, the DSC denaturation heat (enthalpy) results
should be examined together with the DSC thermograms (Figure 1a). The form of each
peak or the absence of a peak gives additional information on the effect of each treatment.
The differences between the heat and pressure treatment differences were clearly visible
during the single-step treatments.

The protein denaturation effects are still visible in the combined-treated samples but
mainly at the lower (300 MPa) pressure level. The sous-vide heat treatment at 60 ◦C,
combined with a pressure treatment of 600 MPa (both orders) led to a more intensely
denatured protein set. While the heat + pressure-treated samples showed sensitivity to
the pressure level (i.e., the higher the pressure, the stronger the effect), the pressure + heat
treatment had similar curves at both pressure levels.

Regarding the results of the combined treatments, we have to remark that the order of
the treatments has a very important role concerning the protein content of the samples. The
application of the heat treatment in combination with the pressure treatment still resulted
in a partly denatured meat sample. This could also be observed at 600 MPa, but when
lower pressure (300 MPa) was applied, the difference between the order of the treatments
was much more important (Figure 1b).

While the pressure level had a significant (p < 0.001) effect on the texture parameter
(hardness), the effect of the order of the treatments was not detected. A higher pressure level
led to firmer samples. Similar findings have been published on the combined treatment of
beef [49]. The hardness values of the 300 MPa combined-treated samples were not higher
than the single sous-vide-treated values. The hardness or firmness of meat is a critical
parameter not only in gastronomy but also from a dietetical point of view. Tokifuji et al. [58]
also found a relationship between water retention and texture parameters. Their aim was
to find a processing method that kept protein structural changes and weight loss at a
minimum level and added water to ground pork to facilitate swallowing.

Regarding the microbiological stability of the samples, all the combined-treated sam-
ples were stable with very low or below detection limit (DL) log10 CFU/g values (the
detection limit (DL) was 0.7 log10 CFU/g (aerobic and anaerobic TVC) and 1.7 log10 CFU/g
(L. monocytogenes TVC)).

In the challenge test, L. monocytogenes TVC was below the detection limit in all
combined-treated samples on day 0, but single sous-vide at 60 ◦C and single HHP treat-
ment at 600 MPa were alone sufficient to reduce the bacterial count by at least 5 log. In the
combined-treated meat samples, Listeria was not detected at the end of the storage period
neither at 2 ◦C nor at 8 ◦C. The aerobic viable count increased during storage from just
above the detection limit (0.7 log cfu/g) up to 3 log CFU/g at 2 ◦C and up to 6 log CFU/g
at 8 ◦C. The anaerobic viable count was under the detection limit on day 0, and while in-
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creased to log 2–3 values (at 8 ◦C) is still considered stable. Significant statistical differences
were not measured, but we would like to draw attention to the effect of the treatment order
on the stored samples. The effect of pressure levels was observed at both temperatures. As
expected, the increase in the pressure level resulted in more stable products.

4. Conclusions

This study highlights the differences between the variant order of this two-step mini-
mal processing technology. The mild sous-vide heat treatment followed by an additional
300 MPa pressure treatment (SV-HHP 300) results in a safer product and has no additional
altering effects on color, hardness, weight loss, or denaturation heat values (in the case
of heat + pressure order). The results also show the importance of the order of different
steps in food technology based on the hurdle principle. In our case, the first impact on
the meat (heat or pressure) clearly determined the characteristics of the samples at the
most measured parameters. In recent years, fish such as cod [59] and bass [60] have also
been the focus of research. In both cases, high hydrostatic pressure treatment increased
the microbiological stability of the product either by inactivation or by delaying bacterial
cell growth. At the same time, the role of refrigerated storage was highlighted, similar to
our research.

As all the combined treatments, regardless of the order, resulted in low-CFU meat
samples conforming with regulations and guidelines for RTE [5,61,62], this dual processing
can be an effective method to enhance the safety of the sous-vide products. Further
investigations are planned (e.g., SDS-PAGE) to reveal and clarify all the details of this dual
treatment, with particular reference to the conversion of proteins.

An additional post- or pre-sous-vide 300 MPa-pressure treatment can increase the
safety of sous-vide cooked pork samples while having only a minor effect on physicochem-
ical properties. The 600 MPa-pressure treatment combined with the sous-vide cooking
method results in a stable (albeit not shelf-stable) product, although it affects a considerable
number of quality parameters such as color (a* and b*), texture, protein state, weight loss,
and TBARS values.

Further experiments are planned to discover the explanation for the fact that for
some parameters, the first treatment has a dominant effect and for some, the second, final
treatment determines the evolution of a given quality.
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