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This study aimed to assess High Hydrostatic Pressure (HHP) process (5 min at 600 MPa) effects on the quality and
safety of commercially produced raw pork sausages. In particular, the evolution of key microbial populations was
monitored under different storage conditions, including thermal abuses before HHP treatment or during storage.
The results showed an increase in shelf-life up to 90 days in HHP-treated samples, compared to 15-20 days for
conventional products. Overnight storage at 15 °C before HHP affected the quality only of untreated samples,
while storage at 8 °C after HHP strongly increased microbial counts. In addition, challenge tests were performed
using Salmonella Enteritidis, Staphylococcus aureus and Listeria innocua. HHP treatment was effective against S.
Enteritidis, while L. innocua remained below the detection limit during the storage, but was qualitatively
detected after 90 days. Staph. aureus was the most resistant, showing a 3-log reduction after HHP, with stable
counts during storage. The study also evaluated the effects of HHP on texture and colour during storage at 4 °C,
evidencing increased hardness and chewiness in treated samples, with reduced exudate release. Colour param-
eters were initially affected by the treatment but showed convergence with control samples over the storage
period.

1. Introduction The main microorganisms responsible for the degradation of raw

sausages are those arising from the contamination of raw materials,

Raw (not fermented) sausages are the result of a mixture of lean and
fatty minced meat, usually of pork origin, with a degree of mincing that
may vary according to local recipes (Seman et al., 2018). In Italy, NaCl
(2.5-3.5%) and spices (mainly black pepper, but also fennel, garlic, etc.)
are generally added to the meat mixture stuffed into natural (sheep or
pig) casings. The resulting product is traditionally cooked before con-
sumption, and this guarantees its safety. In fact, due to its high pH
(approx. 5.8) and high a,, (>0.97), it is potentially a favourable sub-
strate for the growth of numerous pathogenic as well as spoilage mi-
croorganisms. For these reasons, this type of product must be stored
under refrigerated conditions (0-4 °C) and, eventually, under a modified
atmosphere, while still having a limited shelf-life (approx. 10-15 days)
(Cocolin et al., 2004; Raimondi et al., 2018; Tremonte et al., 2005).

resulting in the production of off-odour and off-flavour, with colour
alterations depending on the myoglobin redox state and oxidative re-
actions due to the high fat content of this product (Hugo & Hugo, 2015).
From a quantitative point of view, the initial microbial loads found in
raw sausages are in a wide interval, ranging from 4 to 6 log cfu/g
(Cocolin et al., 2004; Kamdem et al., 2007; Nuvoloni et al., 2012).
Furthermore, initial populations may include pathogenic species that,
although the product is cooked before consumption, may result in
cross-contamination during preparation, even at the domestic level (De
Cesare et al., 2007).

Among the microorganisms responsible for the degradation of raw
sausages, microbial groups with psychrotrophic aptitudes belonging to
the genera Brochothrix, Carnobacterium, Serratia, and Yersinia are often
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prevalent. Heterofermenting lactic acid bacteria (LAB) can also cause
alterations (Leuconostoc, Weissella) along with some lactobacilli (Lat-
ilactobacillus sakei, Latilactobacillus graminis, Latilactibacillus curvatus)
(Angelucci et al., 2024; Benson et al., 2014; Cocolin et al., 2004; Fougy
et al., 2016; Raimondi et al., 2018).

High hydrostatic pressure (HHP) is a non-thermal treatment used to
reduce the microbial concentration in sausages (Zhu et al., 2022). It
consists of the application of pressure of several hundred MPa, usually
between 200 and 600 MPa (Aganovich et al., 2021), for different times.
The antimicrobial effect of this technique has been proven in several
foods, including animal-derived products such as whole or sliced fer-
mented sausages. However, less information is available on fresh meat
products, in which promising results can be obtained (Angelucci et al.,
2024). Cell death following HHP treatment depends on the accumula-
tion of damages, which may affect molecules that are essential for the
survival and growth of microorganisms (e.g. denaturation of pro-
teins/enzymes), structures fundamental for the proper functioning of
cells (alteration of membrane fluidity, conformational changes in ribo-
somes, damage to the cell wall) and nucleotides, such as DNA
(Rendueles et al., 2011; Simonin et al., 2012). The main process pa-
rameters influencing microbial deactivation are the applied pressure
and treatment time. Intrinsic factors include pH, a,, and chemical
composition. The physiological state of the cells also plays a role in their
deactivation (Aganovich et al., 2021; Hygreeva & Pandey, 2016). Under
commercial processing conditions, HHP cannot be considered a steri-
lising treatment; consequently, treated products require refrigerated
storage (0—4 °C) during distribution to ensure both sensory integrity and
microbiological safety.

Under these conditions, a significant extension of the shelf-life of
foodstuffs subjected to this treatment can be achieved (Angelucci et al.,
2024; Rendueles et al., 2011). On the contrary, the occurrence of ther-
mal abuse during manufacturing, storage, transportation or marketing
may significantly compromise the shelf-life of the product treated with
HHP (de Alba et al., 2012; Duranton et al., 2012). Pathogenic species
that may be present in non-fermented sausages include Salmonella
enterica, Listeria monocytogenes, and Staphylococcus aureus, as well as
Clostridium spp., particularly when the product is vacuum-packed
(Cocolin et al., 2004; De Cesare et al., 2007).

Although the presence of nitrites can inhibit the viability of Clos-
tridium species, the implementation of an appropriate cold chain effec-
tively limits the proliferation of other microbial populations, except
Listeria monocytogenes, which is capable of growing, albeit slowly, at
4 °C. However, even if unable to duplicate at refrigeration temperature,
these cells do not die. The fact that they survive can also cause cross-
contamination during the domestic use of these products (de Cesare
et al., 2007).

In a previous study, we explored the effectiveness of an HHP treat-
ment for the microbial stabilisation of raw industrial sausages, and a
significant extension of the shelf-life (from 15 to 90 days) was observed
in products treated at 600 MPa, particularly in samples to which nitrites
have been added (Angelucci et al., 2024). Building on these findings,
nitrite was included in the product formulation used in the present study
for the following reasons. Firstly, nitrite contributes to mitigating the
risks associated with the growth of clostridial species (Clostridium bot-
ulinum and Clostridium perfringens), which could grow in
vacuum-packaged sausages, but are highly sensitive to the presence of
this compound. Secondly, nitrite can prevent or reduce fat oxidation
induced by HHP treatment (Cava et al., 2024). Thirdly, HHP treatment
leads to an alteration of myoglobin, converting it into metmyoglobin
and causing an undesirable dark colour that negatively affects product
acceptability (Bak et al., 2019). Nitrite promotes the formation of
nitroso-myoglobin, which imparts the characteristic pink colour. In
addition, HHP affects meat proteins, including both the sarcoplasmic,
strongly related to meat colour, and myofibrillar protein fractions,
which may undergo denaturation and subsequent aggregation, thus
affecting the textural properties of the meat products (Chevalier et al.,
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2001; Guyon et al., 2016).

This study aims to investigate the effects of HHP treatment at 600
MPa for 5 min on the quality and safety of commercially produced raw
pork sausages. Firstly, the impact of thermal abuse occurring on the
products both before HHP treatment and during refrigerated storage was
evaluated by monitoring changes in microbiota, which can, conse-
quently, affect product shelf-life. Regarding safety aspects, a challenge
test was performed to assess the impact of the HHP treatment on the
survival and potential growth of three pathogenic bacteria: Salmonella
Enteritidis, Staphylococcus aureus and Listeria innocua (used as a surro-
gate of Listeria monocytogenes). In addition, the influence of HHP treat-
ment on colour and texture was evaluated in sausages stored at 4 °C
throughout their shelf life.

2. Materials and methods
2.1. Raw pork sausages preparation

Raw pork meat and adhering subcutaneous fat obtained from hot-
deboned shoulder cuts (53 kg) were collected and used for mixture
preparation 24 h post-mortem. The ratio of lean meat to fat was
approximately 80:20. The raw meat was coarsely ground using a 4-5
mm plate at a temperature of 0 °C and subsequently mixed with 2.1%
sodium chloride (NaCl) (w/w), ground black pepper at 0.1% (w/w),
ascorbate at 0.04% (w/w), and sodium nitrite (NaNO») at a concentra-
tion of 0.01% (w/w) (Europrodotti Food Ingredients, Concorezzo, MB,
Italy). Concerning sodium nitrite, this amount (100 mg/kg) corresponds
to a concentration of nitrite ion of 67 mg/kg, complying with the recent
EU Regulation 2108/2023 (European Commission, 202.3). After mixing,
the meat batter was stuffed into natural casing, and sausages of
approximately 100 g/each were subsequently vacuum packaged.

2.2. Experimental plan for shelf-life evaluation

The packages were subjected to the experimental plan reported in
Fig. 1. Each package contained four sausages, resulting in a total of 132
vacuum-packed units.

High Hydrostatic Pressure (HHP) treatment was applied 24 h after
production at a pressure of 600 MPa for 5 min, as described in section
2.3. Before HHP treatment, half of the packages (N = 66) were stored at
15 °C, simulating an initial thermal abuse, while the other samples (N =
66) were stored at 4 °C.

After overnight storage at these two distinct temperatures, a subset of
both abused and non-abused samples (N = 72) was subjected to HHP
treatment as described below, while the remaining samples (N = 60)
were left untreated. HHP treated and not treated samples were then
divided into two groups that were subsequently stored throughout the
product shelf-life under two different temperature conditions: a portion
of the samples (N = 66) was maintained at 4 °C (samples codes: NT-15-4,
NT-4-4, 600-15-4, 600-4-4), whereas another subset (N = 66) was stored
at 8 °C to simulate a second thermal abuse event during storage and
distribution (groups: NT-15-8, NT-4-8, 600-15-8, 600-4-8) (Fig. 1).

2.3. HHP treatment

High-pressure processing of the vacuum-packaged sausages was
conducted using an industrial-scale AVURE AV-50X unit (HPP Italia,
Traversetolo, PR, Italy). The processing parameters were set to achieve a
pressure of 600 MPa and treat the product for 5 min. The samples were
rapidly pre-conditioned at a temperature of 4 °C before processing. The
application of high pressure induced an average temperature increase of
approximately 16 °C in the treated samples.

2.4. Microbiological analysis

For microbiological analyses concerning shelf-life, the pressurized
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Pork meat: 78.2%; Pork fat: 19.5%; NaCl: 2.1%;

Meat batter

Grounded black pepper: 0.15%; Ascorbate: 0.04%;

Sodium nitrite: 0.01%

(N=132)

Storage temperature for the
first 24 h after casing before

15°C (abused)
(N=66)

4°C (not abused)
(N=66)

treatment
HHP treatment Not treated 600 MPa 5 min Not treated 600 MPa 5 min
(N=30) (N=30) (N=30)
Temperature ac 8°C a°c 8°c a°c 8°c 2c 8°C
during storage (not abused) (abused) (not abused) (abused) (not abused) (abused) (not abused) (abused)
(N=15) (N=15) (N=15) (N=15) (N=15) (N=15) (N=15) (N=15)

Sample identification NT-15-4 NT-15-8 600-15-4

600-15-8 NT-4-4 NT-4-8 600-4-4 600-4-8

Fig. 1. Experimental plan with sample codes for each condition tested for shelf-life assessment. In red, the sample code used is reported (within brackets, the number

of samples is indicated).

sausages were monitored for 90 days (being sampled at t0, t1, t20, t40,
t60, and t90 from HHP treatment), while the untreated control was
sampled for 20 days (with samples being collected after tO0, t9, t15, and
t20 days of storage after treatment). For each package, two sausages
were combined to obtain a composite sample for microbiological anal-
ysis. From this composite, approximately 10 g of sausage were asepti-
cally transferred into sterile stomacher bags, combined with 90 mL of
sterile 0.9% (w/v) sodium chloride (NaCl) solution, and homogenised
using a Lab Blender Stomacher (Seward Medical, London, UK) for 2 min.
Subsequently, appropriate decimal dilutions were prepared and plated
onto selective media to quantify specific microbial populations. Total
mesophilic counts (TMC) were determined using Plate Count Agar
(PCA), while lactic acid bacteria (LAB) were enumerated on de Man-
Rogosa-Sharpe (MRS) agar supplemented with 200 mg/L of cyclohexi-
mide to inhibit fungal growth. Coagulase-negative cocci (CNC) were
counted on Baird-Parker (BP). All media were incubated at 30 °C, and
colony enumeration was performed after 48 h. Additionally, Entero-
bacteriaceae were detected using Violet Red Bile Glucose Agar (VRBGA),
following incubation at 37 °C for 24 h. Each microbiological analysis
was conducted in three independent repetitions, considering different
sausage packaging.

2.5. Texture and colour analysis

Textural and colour measurements were done only on sausages
manufactured with batter stored at 4 °C before and after HPP treatment
(NT-4-4 and 600-4-4).

Texture Profile Analysis (TPA) was conducted at 22 °C using a TA-
Hdi® texture analyser (Stable Micro Systems, UK) equipped with a 25 kg
load cell. The analysis was performed on cylindrical samples (1 cm in
height and 1.5 cm in diameter), which were compressed up to 50% of
their original height using a 5 cm diameter aluminium probe. A 30-s
interval was maintained between the two compression cycles. Force-
time curves were recorded, and textural parameters, including Hard-
ness (kg), Springiness, Cohesiveness (kg), Chewiness, and Gumminess
(kg), were calculated following the method described by Bourne (1978).
Ten measurements were performed for each independent repetition (N
= 3 sausages).

Colour parameters (CIE L*, a*, b*) were measured using a tristimulus
colourimeter (Chroma Meter CR-400, Minolta, Milan, Italy), illuminant
C (and a standardised observer angle). To account for the heterogeneous
colour distribution of the meat matrix and the presence of fat particles,
10 measurements were performed for each independent repetition (N =
3 sausages).

2.6. Challenge test

For the challenge test, sausages were prepared as previously
described in Section 1. The sausages obtained (n = 150) were subse-
quently divided into three groups, and each group was inoculated with a
specific target pathogen: Salmonella Enteritidis 155, belonging to the
collection of the Department of Agricultural and Food Science of the
University of Bologna, Listeria innocua DSM 20649 and Staphylococcus
aureus DSM 20231".

Each 100 g sausage was inoculated using a sterile syringe with 1 mL
of bacterial suspension to achieve an initial contamination level of
approximately 5 log cfu/g by subdividing the volume inoculated into ten
0.1 ml aliquots. After inoculation, sausages were packaged under vac-
uum. The packaged samples were stored approx. 24 h at 0-4 °C before
HHP treatment.

After 24 h, the samples were divided into two groups: one group
remained untreated and served as the control, while the second group
was subjected to high-pressure processing at 600 MPa for 5 min (as
described in paragraph 2.3). Throughout the entire storage period, all
samples were maintained at 0-4 °C. Untreated samples were analysed
during 20 days, whereas sausages subjected to HPP were analysed over a
storage period of 90 days. Time O corresponds to samples analysed
immediately after the inoculum, before HHP treatment, while time 1
refers to samples analysed immediately following the HHP treatment.

The quantitative detection of inoculated pathogens during the
challenge test was performed by plate counting, using selective media
for each microorganism. Listeria Selective Agar Base (LSO), added with
Selective Listeria Supplement, was used to enumerate L. innocua, after
incubation at 30 °C for 48 h. For S. Enteritidis, XLD medium plates were
inoculated and incubated at 37 °C for 24 h, while Staph. aureus was
detected on Baird Parker (BP) plates, incubated at 37 °C for 48 h; the
colonies were recognised based on the presence of a halo. Each micro-
biological analysis was conducted in three independent repetitions,
considering different sausage packaging. When L. innocua and S.
Enteritidis were under the detection limit, enrichment of the samples
was performed according to Tabanelli et al. (2024). For the qualitative
positive/negative assessment, five samples of 25 g were tested for
L. innocua and three samples of 25 g for S. Enteritidis.

All culture media were provided by Oxoid (Basingstoke, UK).

2.7. Statistical analysis

The results concerning microbial counts, colour and textural pa-
rameters were analysed by One-way ANOVA to ascertain the main effect
of the storage time on the above-mentioned parameters. When
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significant, means were subsequently separated by Tukey-HSD test (p <
0.05).

3. Results and discussion
3.1. Microbial shelf-life of raw sausages

As described in Fig. 1, the microbial population and shelf-life of
sausages were analysed in relation to two different thermal abuse con-
ditions: the first was an initial abuse at 15 °C for 24 h, representing the
time between sausage production and HHP treatment; the second was
the abuse at 8 °C during storage, resulting from improper commercial-
isation procedures.

In Fig. 2a and b, the results of microbial counts relative to total
mesophilic bacteria, present at an initial concentration of approx. 4 log
cfu/g, are reported. The application of the first abuse (15 °C for 24 h)
caused a slight increase in the counts (about 0.3 log cfu/g in NT-15-4
and NT-15-8). On the other hand, relevant changes between the sam-
ples were induced by the temperature applied during storage (4 or 8 °C).
Determining the precise microbial threshold at which changes become
perceptible to consumers is generally challenging. However, it is widely
recognised that a cell concentration of 7 log cfu/g marks the point at
which a product is typically considered spoiled (McMeekin et al., 2006;
T. McMeekin & Ross, 1996). Based on this understanding, a threshold of
6.5 log cfu/g was chosen in this study as an indicator of shelf-life. The
counts in NT-15-8 (subjected to a double thermal stress) rapidly
increased and reached the arbitrary cell concentration considered as a
shelf-life indicator after about 10 days. The other sausages stored at 8 °C,
not abused before HHP treatment (NT-4-8), had a longer lag phase, but
after about 12 days, the limits for shelf-life were reached. Both NT-15-8
and NT-4-8 presented final concentrations after 20 days of storage
higher than 8.5 log cfu/g. Concerning the samples not subjected to
thermal abuse during storage, sausages kept at 15 °C for 24 h (NT-15-4)
exhibited a faster microbial growth rate, reaching the limit for shelf-life
after approx. 13 days, while NT-4-4 samples exceeded 6.5 log CFU/g
only after 20 days of storage.

The results concerning total mesophilic bacteria in the sausages
treated at 600 MPa for 5 min are reported in Fig. 2b. Also in this case, a
slight increase in cell counts was observed in the samples stored at 15 °C
for 24 h before the treatment (600-15-4 and 600-15-8). The application
of HHP treatment determined a reduction of about 2 log cfu/g in all the
samples. In this case, a proper temperature storage guaranteed stable
counts (never higher than the initial contamination), indicating that,
from a microbial point of view, these sausages were still suitable for
consumption. In contrast, sausages stored at 8 °C exhibited a low mi-
crobial load up to 20 days, after which bacterial concentration
increased, reaching the threshold of 6.5 log CFU/g after approximately
43 days (600-4-8) and 53 days (600-15-8). Both samples were charac-
terised by a final concentration of approx. 8 log cfu/g at 90 days.

LWT 246 (2026) 119293

LAB counts presented similar behaviours when compared with
mesophilic bacteria. In the untreated sausages, the initial LAB concen-
tration ranged between 3.6 and 3.8 log cfu/g (Fig. 3a). The thermal
abuse at 15 °C for the first 24 h (samples NT-15-4 and NT-15-8) caused
an increase of about 0.4 log cfu/g in this microbial population. The
sample NT-15-8 was the first to reach the critical concentration of 6.5
log cfu/g after 10 days, followed by NT-4-8 and NT-15-4 (approx. after
13.5 days). The sausages NT-4-4 remained below this threshold even
after 20 days.

The HHP treatment (Fig. 3b) determined a relevant decrease in the
LAB counts that were below the detection limit or slightly higher
immediately after pressurisation. After 20 days, the sausages stored at
8 °C (600-15-8 and 600-4-8) showed a LAB increase, even if the counts
were lower than 2 log cfu/g. After 40 days, these sausages were char-
acterised by a relevant increase of LAB counts, which reached the
threshold limit (6.5 log cfu/g) after approx. 45 days (600-4-8) and 55
days (600-15-8). The samples stored at 4 °C presented a low increase in
LAB counts, which were below 3 log cfu/g even after 90 days.

Regarding the staphylococci counts, no coagulase-positive colony
was found. The initial concentration of this microbial group ranged
between 3.5 and 3.7 log cfu/g. In the not-treated sausages, this load did
not significantly change during the 20 days of storage, regardless of
thermal abuse conditions (Fig. 4a). The HHP treatment lowered their
concentration by about 3 log cfu/g, after which a further decrease was
observed in the sausages stored at 4 °C, while at 8 °C, a small increase
was found in staphylococci, even if the final counts after 90 days were
always lower than 2.5 log cfu/g (Fig. 4b).

To better illustrate the differences between samples subjected to
thermal abuse (either before HHP treatment or during storage), the cell
counts for each microbial group are reported in the Supplementary
Materials, with uppercase letters indicating significant differences (p <
0.05). Tables S1, S2, and S3 refer to total mesophilic counts, lactic acid
bacteria, and staphylococci, respectively.

Data concerning Enterobacteria are not shown due to their low initial
concentration (1.5 log cfu/g), which did not increase in the non-treated
samples, while after HHP treatment, the counts of these bacteria were
always under the detection limit.

The initial microbial load of sausages was relatively low (approx. 4
log cfu/g) and comparable with counts found in similar products
(Angelucci et al., 2024; Cocolin et al., 2004; Raimondi et al., 2018).
Interestingly, LAB counts were similar to total counts, indicating a
relevant contribution to this microbial group to the initial contamina-
tion of sausages. This could be because sausages were produced in an
industrial environment where fermented sausages are usually produced
with the use of LAB starter cultures, which can contaminate other pro-
ductions. However, the initial contamination by LAB of sausages has
already been described involving genera such as Weissella (Komora
et al., 2023), Leuconostoc (Cocolin et al., 2004) and Carnobacterium
(Angelucci et al., 2024). The samples subjected to the first thermal abuse

log cfulg

0 5 10 15 20
Time (days)
—8—NT-15-4 —8—NT-15-8 —@—NT-4-4 NT-4-8
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Fig. 2. Total mesophilic counts of not-treated and treated raw sausages during storage (a: not-treated samples; b: samples treated with HHP at 600 MPa for 5 min).
The dotted line represents the threshold used as a shelf life indicator (6.5 log CFU/g). Standard deviations are also reported. 15-4: abused temperature before the HHP
treatment; 15-8: abused temperature both before HHP treatment and during the shelf-life; 4-4: proper conditions; 4-8: abused temperature during the shelf-life.
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Fig. 3. Lactic acid bacteria counts of not-treated and treated raw sausages during storage (a: not-treated samples; b: samples treated with HHP at 600 MPa for 5 min).
The dotted line represents the threshold used as shelf life indicator (6.5 log CFU/g). Standard deviations are also reported. 15-4: abused temperature before the HHP
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Fig. 4. Staphylococci counts of not-treated and treated raw sausages during storage (a: not-treated samples; b: samples treated with HHP at 600 MPa for 5 min). The
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(15 °C for 24 h) showed a reduced increase in bacterial presence.
However, this abuse was able to speed up the microbial kinetics in
non-pressurized sausages and, in turn, reduce the shelf-life. In contrast,
the abuse condition at 8 °C during storage had drastic effects on the
shelf-life of the products. This temperature not only speeds up the
development kinetics of bacteria, but also allows the recovery and
growth of microbial species inhibited by a temperature of 4 °C. This
trend emphasises once again that HHP treatment alone cannot be
considered sufficient to determine shelf-life, especially in products with
the characteristics of raw sausages (Aganovic et al., 2021; Schottroff
et al., 2018).

Despite significant reductions in initial microbial populations
immediately after treatment, it is difficult to say whether the loss of
culturability observed with plate counting results in cell death or, at
least in part, leads to sublethal damage to cell structures, inducing the
presence of viable but non-culturable (VBNC) cells (Schottroff et al.,
2018). The presence of cells not able to grow with plate counting but still
possessing metabolic activity following HHP treatment has been
demonstrated with flow cytometry (Kimura et al., 2017). These damages
can be repaired over time, and, under more favourable conditions, such
as higher temperatures, these VBNC cells can re-enter the state of cul-
turability and thus multiply. In addition, it is known that an HHP
treatment can retard or inhibit colony formation, inducing the presence
of cells with different physiological states (Koseki & Yamamoto, 2006;
Kimura et al., 2017).

While the LAB were characterised by the ability to grow at the
temperature considered, staphylococci did not. Indeed, the presence of
species with psychrotrophic attitudes is reported in many LAB genera,
such as Latilactobacillus, Weissella, and Leuconostoc (Andreevskaya et al.,
2018), while temperatures of about 8 °C are already very limiting for
staphylococci. In fact, for Staph. aureus in particular, 7 °C is generally
reported as the minimum growth temperature (Onyango et al., 2012). It

is therefore evident that at 8 °C these species are poorly competitive
with other bacteria better adapted to grow in these conditions.

3.2. Texture Profile Analysis

The results concerning the textural parameter assessed only on NT-4-
4 and 600-4-4 groups, which consisted of sausages kept at 4 °C both after
casing and during storage (up to 20 and 90 days for non-treated and
treated samples, respectively), are reported in Tables 1 and 2. As for NT
samples (Table 1), if compared to the values measured at O days, a
significant increase in hardness and gumminess was found after 9 days
(1.19 vs. 1.46 kg; p < 0.001 and 0.58 vs. 0.64 kg*cm; p < 0.001), fol-
lowed by a decline at the subsequent sampling time (i.e., 15 days). On
the other hand, an opposite trend was observed for cohesiveness that
exhibited a progressive reduction during storage, with the differences
being particularly evident from the initial time (0 days) and after 9 days
of storage (0.49 vs. 0.44; p < 0.001). The evolution in the textural pa-
rameters observed in non-treated sausages may be ascribed to the gel-
forming ability of the myofibrillar proteins, which strongly depends
on their interaction with the other components (i.e., proteins, fat, water)
and develops during meat batter mixing and casing (Sun & Holley, 2011;
Toldra et al., 2014). In fact, it is widely recognised that, in the presence
of salt, muscle proteins are extracted from the meat and, after being
subjected to a conformational change and dissociation of the myofila-
ments, are solubilised, thus allowing the onset of protein-water in-
teractions and the formation of a gel-like structure (Toldra et al., 2014).
On the other hand, the evolution in the textural parameters observed
during storage is likely the result of the chemical-physical processes (e.
g., water movements, protein oxidation, etc.) taking place within the NT
sausages (Seibt et al., 2024). The occurrence of oxidative modifications
affecting the protein fraction (involving the development of protein
cross-links) along with the water entrapment within the meat matrix
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Table 1
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Evolution in colour and textural parameters (assessed by Texture Profile Analyses) in non-treated samples (NT-4-4) over the storage time. Each value is the mean of 30

measurements performed on three independent samples (10 measurements/sample).

0d 9d 15d 20d sem P-value
Colour
Lightness — L* 50.7 + 4.8 a 49.1 +3.9ab 49.8 + 4.6 ab 46.2 +3.7b 0.43
Redness — a* 21.9+39b 246 +47a 23.8+3.5ab 185+26¢ 0.40
Yellowness — b* 13.7 +£1.9ab 15.1 £ 2.8 ab 17.5+19a 11.0+15b 0.77 *
Texture Profile Analyses
Hardness (kg) 1.19 +0.14 b 1.46 + 0.14 a 1.24 £ 0.14 b 1.19 + 0.20 b 0.02 i
Cohesiveness 0.49 £ 0.02a 0.44 £ 0.03 c 0.45 £+ 0.03 be 0.46 + 0.02 b 0.01 ok
Gumminess (kg*cm) 0.58 +0.07 b 0.64 +0.07 a 0.56 + 0.06 b 0.55 + 0.09 b 0.01
Springiness (cm) 0.60 + 0.06 a 0.58 + 0.12 ab 0.54 + 0.07 b 0.55 + 0.05 ab 0.01
Chewiness (kg*mm) 0.35 + 0.07 ab 0.37 £0.11a 0.30 + 0.06 b 0.30 + 0.07 b 0.01 i

sem = standard error of mean.
=p < 0.05; *** = p < 0.001.

a-c = mean values followed by different letters significantly differ over the storage time (p < 0.05).

Table 2

Evolution in colour and textural parameters (assessed by Texture Profile Analyses) in HHP-treated samples (600-4-4) over the storage time. Each value is the mean of
30 measurements performed on three independent samples (10 measurements/sample).

0d 1d 20d 40d 60 d 90d sem P-value
Colour
Lightness — L* 50.7 + 4.9 de 56.7 + 2.8 a 53.3 + 3.3 bc 55.0 + 2.8 ab 51.8 + 3.3 cd 48.6 +2.2e 0.32
Redness — a* 219+39a 188+ 20D 19.1+19b 19.3+1.7b 16.0+1.4c 16.5+2.0¢ 0.22
Yellowness — b* 13.7+19a 87+09c 9.0+12c¢ 10.4+1.3b 9.0+1.2¢c 83+09c 0.17 i
Texture Profile Analyses
Hardness (kg) 1.19+0.14a 2.81 + 0.45 ab 2.82 + 0.68 ab 2.44 + 0.66 bc 2.18 £0.53 ¢ 217 £0.40 ¢ 0.06 bl
Cohesiveness 0.49 £ 0.02d 0.67 £0.02 ¢ 0.67 £ 0.03 ¢ 0.72 £ 0.02b 0.73 £ 0.04 ab 0.75+£0.03 a 0.01 bl
Gumminess (kg*cm) 0.58 + 0.07 d 1.89 £ 0.30 a 1.89 £ 043 a 1.83 £ 0.49 ab 1.55+0.31c 1.59 + 0.27 be 0.04 ok
Springiness (cm) 0.59 + 0.06 b 0.88 +0.04 a 0.93 +0.44a 0.89 + 0.08 a 0.88 £ 0.09 a 0.85+0.11a 0.02
Chewiness (kg*mm) 0.35 £ 0.07 ¢ 1.66 + 0.27 ab 1.76 + 0.86 a 1.65 + 0.54 ab 1.35+0.28 b 1.35+ 0.25b 0.05 i

sem = standard error of mean.
**% — p < 0.001.

a-c = mean values followed by different letters significantly differ over the storage time (p < 0.05).

likely results in the development of a firmer texture after 9 days (as
depicted by higher hardness and gumminess and lower cohesiveness).
Then, further oxidative modifications occurring during storage and
water redistribution within the meat matrix likely weakened the gel
network (Muzolf-Panek et al., 2019; Mgller et al., 2011; Toldra et al.,
2014), ultimately resulting in significantly lower hardness, gumminess,
and chewiness after 15 days.

As for the textural parameters assessed on HHP-treated sausages
(Table 1), the most dramatic differences were observed by comparing
the results obtained before (0 days) and after the application of HHP
(600 MPa for 5 min, 1 d). In fact, a significant increase in the values
measured for all the textural parameters was found by comparing the
results obtained at 1 d with those measured at 0 days. These findings can
undoubtedly be ascribed to the strong effect exerted by HHP on protein
conformation, thus affecting the water-holding and -binding capacity
and the gelling properties of the myofibrillar proteins as well (Torres &
Velazquez, 2005; Liu et al., 2021). In detail, a disruption of the
non-covalent interactions and a concurrent reduction in proteins’ vol-
ume may occur as a consequence of HHP (Bai et al., 2021). These phe-
nomena, in their turn, result in protein denaturation and exposure of
hydrophobic and sulfhydryl groups along with the subsequent devel-
opment of molecular bonds within or between the protein molecules
(Sun and Holley, 2011; Yang et al., 2016) that are responsible for the
modifications observed in the textural properties of HHP-treated sam-
ples. Moreover, the observed increase in hardness, cohesiveness, and
chewiness following HHP treatment suggests the development of a more
compact and elastic gel network, which is typically associated with the
unfolding and subsequent aggregation of myofibrillar proteins. The
enhanced protein-protein interactions likely lead to the establishment of
a denser, more continuous matrix capable of entrapping water more
effectively, although in some cases this may also restrict the mobility of

water within the matrix, thereby increasing rigidity. Similar textural
trends have been reported in pressurized meat emulsions and gels,
where the strengthening of the protein matrix was attributed to an
intensified cross-linking and formation of new disulfide and hydropho-
bic interactions (Campus, 2010; Liu et al., 2021). It is also important to
consider that the effects of HHP on texture are pressure and
time-dependent, with increasing pressure levels generally promoting
greater structural rearrangements and, consequently, firmer textures. In
the present study, the conditions applied (600 MPa for 5 min) appeared
sufficient to induce a substantial reorganization of the protein matrix
without causing excessive fragmentation or detrimental textural
degradation. This balance is crucial, as excessively severe treatments can
lead to irreversible protein aggregation, resulting in a brittle texture or
loss of juiciness (Wang et al., 2025). Furthermore, the immediate
changes observed at 1 d indicate that HHP induces rapid physico-
chemical modifications that persist during the early storage period.
These changes could influence not only the mechanical properties of the
sausage matrix but also its sensory perception, potentially leading to an
improved bite and sliceability. However, the long-term stability of these
textural improvements should be considered in relation to possible
protein-protein rearrangements and water migration phenomena
occurring during storage, which may alter firmness and cohesiveness
over time (Zhang et al., 2023). Overall, the increase in textural param-
eters following HHP treatment can therefore be interpreted as the
combined effect of protein denaturation, aggregation, and network
formation, modulated by the extent of pressure-induced conformational
transitions. The results confirm the capacity of HHP to modify the
microstructure of meat products in a way that enhances their textural
integrity, a feature that can be exploited for improving product quality
and consumer acceptability in pressure-treated sausages (Peng et al.,
2025).
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Then, a significant (p < 0.001) reduction in hardness, and conse-
quently in gumminess and chewiness, was observed when comparing
the values measured after 1 day with those obtained at subsequent
sampling times. This decrease likely reflects microstructural relaxation
of the protein network over storage. Evidence has shown that HHP
treatments exceeding 300 MPa result in an overall inactivation of
endogenous proteolytic enzymes (Homma et al., 1994; Jung et al., 2000;
Olsen et al., 2023), limiting protein degradation. In addition, water
redistribution within the gel matrix may occur during storage due to
oxidative modifications affecting both protein and lipid fractions. Such
oxidative processes can alter the water-binding and water-holding ca-
pacity of the matrix, leading to a progressive increase in cohesiveness (p
< 0.001) while subtly altering firmness and chewiness. Recent studies
have highlighted that HHP-induced lipid oxidation can influence the
textural properties of meat products, including changes in hardness and
cohesiveness over time (Chmiel et al., 2025). Additionally, research on
seafood muscle subjected to HHP has demonstrated similar effects, with
oxidative modifications contributing to alterations in texture and water
mobility during storage (Pinheiro et al., 2025).

From a microstructural standpoint, the increase in textural parame-
ters after HHP can be interpreted as a consequence of pressure-driven
restructuring of the meat matrix. HHP disrupts non-covalent in-
teractions and promotes partial unfolding of myofibrillar proteins, fa-
voring aggregation and the formation of a more continuous and compact
gel network (Aganovic et al., 2021; Liu et al., 2021; Simonin et al.,
2012). In comminuted meat systems, this densification is associated
with reduced pore size and enhanced matrix continuity, which in turn
increases resistance to deformation (Bolumar et al., 2020; Campus,
2010). Concurrently, HHP-induced modifications of myosin function-
ality can strengthen protein—fat interfacial films and improve emulsion
stability, supporting a finer fat globule dispersion within the protein
network (Bai et al., 2021; Liu et al., 2021). These structural changes are
expected to modify water compartmentalization by increasing immo-
bilized/bound water within the gelled matrix, thereby linking micro-
structure to the observed variations in water-holding capacity and
texture (Hughes et al., 2014; Mgller et al, 2011). Similar
processing-structure-property relationships have been reported for
HHP-treated meat products, where pressure intensity drives the extent
of network formation and the resulting hardness/cohesiveness profile
(Bolumar et al., 2020; Yang et al., 2016).

3.3. Colour measurements

The evolution of the colour parameters (Lightness - L*, Redness - a*,
and Yellowness - b*) during the shelf-life of NT-4-4 and 600-4-4 sausages
is reported in Tables 1 and 2 As for NT samples (Table 1), significant
variations in L* were observed by comparing the results obtained at the
initial sampling time (0 days) and after 20 days. In detail, NT sausages at
the end of the shelf life were darker than their fresh counterpart (46.2 vs.
50.7; p < 0.001). This significant reduction in L* observed after 20 days
may likely be ascribed to moisture losses (and surface dehydration) as
well as to both protein and lipid oxidation that, considered on their
whole, may affect the light scattering phenomenon which contributes to
determine the colour of meat products (Muzolf-Panek et al., 2019; Ruedt
& Gibis, 2023; Seibt et al., 2024). In agreement with that, a fluctuating
trend was observed for a* that exhibited an increase from O to 9 days,
followed by a decline at the final sampling time (20 days) (p < 0.001).
This increase in a* measured after 9 d may result from the surface
dehydration of the sausages that may affect their interaction with the
incident light, thus enhancing the contribution of myoglobin in defining
meat colour (Richards, 2010; Ruedt & Gibis, 2023). Then, a subsequent
oxidation of this heme protein is likely responsible for the discolouration
(reduction in a*) observed after 20 days (Richards, 2010).

Regarding the colour parameters evaluated in treated sausages
(Table 2), the most remarkable differences were found between the
samples at the initial sampling time (0 days) and after 1 day of storage
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(immediately after HHP treatment). In detail, the application of HHP
resulted in a sharp increase in L* (50.7 vs. 56.7), which is likely the
result of the modifications (i.e., conformational changes, denaturation,
subsequent aggregation and development of a gel matrix, etc.) affecting
the myofibrillar proteins along with the denaturation of myoglobin
(Hughes et al., 2014). In agreement with that, a* and b* exhibited a
decline which may be ascribed to the denaturation of myoglobin and to
the onset of oxidative modifications affecting the lipid and the protein
fraction, respectively (Wackerbarth et al., 2009; Chun et al., 2014;
Olsen, & Orlien, 2016). As for the evolution of these parameters during
refrigerated storage, overall the trends were similar to those observed in
NT sausages with a progressive decline in L*, a*, and b* that may be
likely attributed to the evolution of the characteristics and stability of
the HHP-induced gel network (which are strongly affected by protein
oxidation, moisture losses, etc.) as well as to myoglobin oxidation ulti-
mately resulting in meat discoloration (Mgller et al., 2011; Richards,
2010).

3.4. Challenge tests

The survival and eventual growth of Salmonella Enteritidis,
L. innocua and Staph. aureus was analysed under controlled thermal
conditions (4 °C). The contamination of sausages by these pathogens
may occur at many points of the process: the raw meat may be
contaminated at the slaughterhouse, during manufacturing, or by con-
tact with surfaces or workers. The results are reported in Table 3. All the
pathogens were inoculated in sausages at concentrations ranging from
4.5 to 4.7 log cfu/g. In the samples not treated with HHP, S. Enteritidis
showed a slight decrease (0.4 log cfu/g) after 20 days of storage, while
Staph. aureus concentration did not change. L. innocua was the only
species able to grow under the adopted conditions with an increase of
about 0.7 log cfu/g.

Concerning the sausages subjected to HHP treatment, the counts of
L. innocua and S. Enteritidis were below the detection limit (0.3 log cfu/
g) during the storage period (90 days). However, while the qualitative

Table 3

Microbiological analysis (log cfu/g) of the control (pressure = 0 MPa) and
treated (pressure = 600 MPa) samples inoculated with pathogens and analysed
during shelf-life. The results are the average of three independent repetitions
(standard deviation is reported) for S. Enteritidis and Staph. aureus, and the
average of five independent repetitions (standard deviation is reported) for
L. innocua. For samples treated at 600 MPa, 0 days refers to the pre-treatment
analysis time, and 1 day refers to the post-treatment analysis time.

Pressure Time Salmonella Listeria Staphylococcus

(MPa) (days) Enteritidis innocua aureus

0 0 4.62 £ 0.23 4.52 + 4.69 £+ 0.41
0.09

0 9 4.41 + 0.26 4.94 + 4.74 + 0.03
0.51

0 15 4.34 £ 0.24 491 + 4.76 £ 0.08
0.13

0 20 4.27 +£0.19 5.12 + 4.64 + 0.26
0.38

600 0 4.62 + 0.23 4.52 + 4.69 + 0.41
0.09

600 1 <1° <1® 1.79 + 0.20

600 9 <1° <1" 1.95 + 0.10

600 20 <1 <1’ 1.48 + 0.00

600 40 <1? <1" 2.05 + 0.15

600 60 <1° <1" 1.31 + 1.14

600 90 <1° <1° 1.52 + 0.30

# Results of the triple S. Enteritidis research. Negativity was found in all three
repetitions.

b Results of the five-fold search for L. innocua. Negativity was found in all five
repetitions.

¢ Results of the five-fold search for L. innocua. Negativity was found only in
three repetitions.
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search for S. Enteritidis was always negative, after 90 days, three out of
five samples were qualitatively positive for L. innocua. On the other
hand, after the HHP treatment, Staph. aureus showed a reduction of
approx. 3 log units if compared to the initial counts. During all the
storage, the counts of this species remained below 2 log cfu/g.

Bacterial HHP inactivation is a multi-target process. Cell membrane
is among the main targets, though additional damages may be necessary
in order to kill bacteria: extensive solute loss, protein denaturation and
coagulation, enzyme inactivation and ribosome disruption (Cebrian
et al., 2016; Manas & Pagan, 2005).

In general, HHP microbial inactivation is affected by species, cell
morphology and physiological status, surrounding matrix, and detection
method (Yamamoto et al., 2021). Among bacteria, spores, gram-positive
and gram-negative bacteria present decreasing resistance to HHP. In
addition, spheric cells are more resistant than bacilli (Ludwig et al.,
2002). For example, Staph. aureus shows a relatively high HHP resis-
tance (Cebrian et al., 2016).

Salmonella is usually very sensitive to HHP treatments (Silva, &
Evelin, 2023). In addition to the low resistance compared with
Gram-positive bacteria (such as Staph. aureus), this species inoculated in
fish products was also less resistant than Escherichia coli (Boziaris et al.,
2021). Jofré et al. (2008) demonstrated that Salmonella enterica and L.
monocytogenes concentration, inoculated at approx. 4 log cfu/g in sliced
cooked ham, were below the detection limit (10 cfu/g) during the
storage period (3 months) under refrigerated (0-6 °C) conditions. In the
same work, an inactivation of approx. 1 log cfu/g of Staph. aureus was
indicated. However, no growth was observed during storage. On the
other hand, Salmonella enterica and Staphylococcus aureus cannot grow at
refrigeration temperature, and their recovery could be hindered.

Several studies on the HHP effects on Staph. aureus cells confirmed
the relatively high resistance of this species (Silva, & Evelin, 2023). Also,
for this species, differences in the lethality of HHP were observed in
relation to the matrix/medium (O'Reilly et al., 2000). In milk, Staph.
aureus showed a markedly higher resistance compared to
L. monocytogenes and E. coli, and has had a high recovery potential after
8 days from treatment (Zagorska et al., 2021). A limited reduction of
Staph. aureus cells (less than 2 log cfu/g) was observed in beef meat
treated at 500 MPa (Park et al., 2022).

The effects of HHP treatments on the killing of L. monocytogenes have
been studied by several authors, often with conflicting results. In turkey
meat treated at 600 MPa in the presence of salt and nitrite quantities
comparable to those used in this trial, decreases of approximately 4 log
cfu/g were observed (Myers et al., 2013) while cooked chicken meat
treated at the same pressure was unable to inactivate 3 log cfu of the
same species (Patterson et al., 2011). Bover-Cid et al. (2015) demon-
strated that the amount of fat could have a protective effect of high fat
percentages on the deactivation of L. monocytogenes in dry-cured hams
when high pressures were applied.

The control of the temperature at 4 °C is essential for avoiding the
recovery of damaged cells. According to Bozoglu et al. (2004), among
the pathogenic species considered here, only L. monocytogenes was able
to increase its culturability at this temperature. At higher temperatures,
also salmonellae showed the possibility of recovering viability (Ritz
et al., 2006). In addition, several studies addressed the evaluation of
HHP resistance and highlighted the dependence of the survival of
L. monocytogenes cells on physiological state and strain (Possas et al.,
2017).

4. Conclusions

High-Hydrostatic Pressure (HHP) treatment at 600 MPa significantly
extends the shelf life of raw sausages to 90 days, a substantial increase
compared to the conventional 15-20 days. When stored properly at 4 °C,
the microbial load of HHP-treated sausages remains well below spoilage
thresholds throughout the considered period. Concerning safety, chal-
lenge tests demonstrated that HHP treatment effectively eliminates high
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concentrations of Salmonella. For L. innocua, while quantitative detec-
tion was negative after 90 days of storage at 4 °C, some samples showed
qualitative presence when 25g of the product was sampled. However,
this qualitative presence is not considered a risk, since raw sausages are
cooked prior to consumption. Among the tested pathogenic bacteria,
Staph. aureus proved most resistant, partially surviving the treatment.
Nevertheless, it was unable to multiply at the 4 °C storage temperature.

HHP treatment affected the textural characteristics of raw sausages,
leading to an increase in hardness, cohesiveness, gumminess, chewiness,
and springiness. These changes also contributed to a reduced release of
exudates during storage, improving overall product performance.
Regarding colour, HHP treatment causes an immediate decrease in a
(redness) and b (yellowness) values**, while L* (lightness) increases.
Interestingly, by the end of the storage period, the colour parameters of
HHP-treated sausages revert to similar trends observed in raw, untreated
sausages.

This research demonstrated that HHP can be a feasible strategy to
improve the microbiological quality of raw pork sausages. However,
since the process applied conditions cannot be considered sterilising, the
maintenance of cold chain (0-4 °C) is needed to guarantee the shelf-life
and the safety of HHP-treated raw pork sausages.
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