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Abstract
Marination is commonly used to preserve fish, which, in combination with other non-thermal technologies, such as vacuum 
impregnation and high hydrostatic pressure, may help to preserve freshness and extend shelf life. In addition, marination 
may mask changes in physicochemical properties and the sensory attributes of fish resulting from intense pressurization 
treatments. In this study, we evaluated the effects of vacuum impregnation (50 mbar for 5 min) alone or in combination with 
a moderate pressurization treatment (250 MPa for 6 min) on the physicochemical properties, microbiological and oxidative 
stability, and sensory properties of refrigerated seabream fillets. Compared to conventional marination, vacuum impreg-
nation alone had no effect on the aforementioned properties, except for a higher perception of lemon aroma (0.9 vs. 1.6). 
However, vacuum impregnation with pressurization reduced the total viable mesophilic aerobic bacteria to counts below 4 
log colony forming units (CFU)/g after 16 days of storage at ≤ 2 °C, compared to 6 log CFU/g with conventional marina-
tion. Additionally, the color and texture were affected by the pressurization treatment. However, color was more susceptible, 
and at the beginning of storage, lightness was higher in the pressurized samples than in the control (52 vs. 78). Regardless, 
this whitening effect and other minor changes in texture and sensory properties compared to conventional marination with 
vacuum impregnation with pressurization can be considered of little relevance considering the increase in shelf life, the lack 
of lipid oxidation (maintained at low and similar levels as those of the non-pressurized samples), and the intrinsic whitening 
effects of certain marinades.
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Introduction

The consumer demand for fresh and minimally processed 
foods, including fishery products, has increased in recent 
years. Furthermore, considerable research has been conducted 
regarding the use of various non-thermal technologies and 
innovative processes to extend the shelf life of products, while 
ensuring their safety and minimizing changes in sensory char-
acteristics (Zhao et al., 2019b).

Marinating is a traditional food practice that remains com-
mon in fish processing, and represents an interesting strategy 
for the development of minimally processed fresh fish. Fur-
thermore, vacuum impregnation facilitates the penetration 
of dissolved or suspended substances directly into the porous 
structure of a product in a controlled manner, allowing for 
fast compositional and structural changes (Bugueño et al., 
2003; Gras et al., 2002). Vacuum impregnation is useful for 
brining and developing fish new products (Bugueño et al., 
2003; Tomac et al., 2020). In addition, vacuum impregna-
tion can incorporate different preservatives into fish fillets 
(Andrés-Bello et al., 2015; Zhao et al., 2019a). Therefore, 
the combination of vacuum impregnation and marinating 
can enhance product preservation by increasing the effec-
tiveness of the marinade by allowing faster penetration into 
fillets, shortening the preparation process. Moreover, the 
sensory properties of the initial product can be preserved, 
since high temperatures are not required.
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High hydrostatic pressure (HHP) delays the onset of 
meat and fish spoilage by inhibiting microbial growth. 
Therefore, it is widely applied to preserve the meat of sev-
eral fish species, particularly at pressures above 350 MPa 
(Garrido et  al., 2016; Gómez-Estaca et  al., 2018; Yu 
et al., 2020). At pressures below 350 MPa, it is possible 
to inactivate trimethylamine-N-oxide demethylase (Gou 
et al., 2010) and limit  H2S-producing and other spoil-
age bacteria (de Alba et al., 2019; Malinowska-Pańczyk 
& Kołodziejska, 2016). Although moderate pressures 
(100–350 MPa) are less effective with regard to microbial 
inactivation, they may preserve the structural properties 
of raw fish (Aubourg et al., 2013a, b). An important draw-
back of HHP is that the surface of the products becomes 
whiter in color at higher pressure levels and longer expo-
sure times, resulting in a product that looks cooked (Yu 
et al., 2020). These negative effects can be masked by the 
cooking effect of the marinade.

Although the application of relatively moderate pres-
surization treatments in fish and fish products is scarce, 
the combination with other processing strategies aimed at 
improving shelf life is of technological interest. Therefore, 
the objective of this study was to investigate the effects of 
marination using vacuum impregnation alone or in com-
bination with HHP exposure at 250 MPa for 6 min on the 
physicochemical properties, microbiological and oxidative 
stability, and sensory properties of vacuum-packed seabream 
fillets, a widely consumed fish in the Mediterranean area, 
during refrigerated storage.

Material and Methods

Raw Materials and Equipment

The seabream (Sparus aurata) used in this study was sea 
farmed in cages at different farm locations (Grupo Culmarex, 
Spain). Each fish weighed approximately 400–500 g. After 
being caught, seabreams were immersed in an ice bath and 
transported to the processing plant, where they were classi-
fied, mechanically descaled, gutted, and filleted. A total of 
250 fillets with skin (110 g on average) from 125 animals 
were kept on ice until the following day. White vinegar was 
supplied by Borges (Tàrrega, Spain). Lemon concentrate 
was supplied by Suntory (Pulco, Madrid, Spain). The lemon 
peel aroma was supplied by Sosa Ingredients (Moià, Spain).

HHP equipment was used to pressurize the samples, using 
water as a pressure-transmitting medium (Hyperbaric Wave 
6500/120; N.C. Hyperbaric, S.A., Burgos, Spain). A proto-
type machine consisting of a vacuum chamber connected 
to a vacuum pump was used for the vacuum impregnation 
treatments.

Marination Solutions and Experimental Design

A marinating solution consisting of 85.5% water, 14% 
lemon concentrate, 0.6% white vinegar, and 0.08% lemon 
peel aroma was homogenized with 0.03% ground fish 
using a kitchen-aided immersion blender. Fillets were 
randomly assigned to the following treatments: (1) mari-
nation control treatment consisting of marination with the 
lemon–vinegar marinade for 10 min at atmospheric pres-
sure at 4 °C, drained for 5 min, and then vacuum packed 
(MC); (2) marination treatment consisting of marination 
with a lemon–vinegar marinade for 5 min at 50 mbar and 
4 °C, followed by 5 min at atmospheric pressure, drained 
for 5 min, and then vacuum packed (vacuum impregnated 
with lemon and vinegar; VIM); and (3) marination treat-
ment consisting of marination with lemon–vinegar mari-
nade for 5 min at 50 mbar and 4 °C, followed by 5 min at 
atmospheric pressure, drained for 5 min, vacuum packed, 
and subsequently exposed to 250 MPa for 6 min at 10 °C 
(VIM + HHP). A preliminary study was carried out to 
determine the minimum pressurization treatment that, 
when compared with unpressurized samples, resulted 
in microbial counts reduction after few days of refriger-
ated storage. The mass ratio of fillet sample to marinating 
solution was maintained at 1:3 (w/v; fish:marinade). After 
treatment, the samples were stored at 1–2 °C for 1, 5, 9, 
12, and 16 days. During each sampling period, four fillets 
from the same treatment (pooled sample) were randomly 
selected for microbiological and chemical analyses. The 
experiment was performed in triplicate.

Microbiological Analysis

Ten grams of fish muscle from four fillets were homog-
enized (dilution 1:10) with saline peptone water (8.5 g/L 
NaCl plus 1 g/L Bacto Peptone) in a Stomacher blender 
bag. The homogenate was serially diluted with saline 
peptone water. Total viable mesophilic aerobic bacteria 
(TVC) were incubated at 30 ± 1 °C for 72 h on PCA agar, 
according to ISO protocol 4833–1:2013. Lactic acid bac-
teria (LAB) were incubated under anaerobic conditions at 
30 ± 1 °C for 72 h on MRS agar according to the ISO pro-
tocol 15214:1998. For hydrogen sulfide-producing bacteria 
(SPB), 1.0 mL of homogenate was poured into 10 mL of 
iron agar. After setting, a 10 mL overlay of molten media 
was added. Finally, hydrogen sulfide-producing bacteria 
(mainly Shewanella putrefaciens) were enumerated on 
Lyngby Iron Agar after 4 days at 20 °C.
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Instrumental Color Measurement

A colorimeter (Chroma Meter CM-600d; Minolta, Tokyo, 
Japan) was used to measure the color in the CIE-Lab 
space: lightness (L*), redness (a*), and yellowness (b*). 
The illuminant used was a D65 with a 10° angle as the 
standard observer. The color was measured in the dor-
sal zone of each fillet six times. The mean values of the 
measurements for each test per animal were retained for 
statistical analysis.

Instrumental Texture Measurement

A non-destructive compression test (compression rate 
30%) with a spherical probe (18.4  mm diameter) was 
conducted on the top loin of each fillet. The tests were 
performed using a TA-HD plus Texture Analyzer (Stable 
Micro System, Surrey, England) at a constant speed of 
1 mm/s. The TPA test (spherical probe) was performed on 
raw samples in three different parts along the fillet. The 
mean values of the measurements for each test per animal 
were retained for statistical analysis.

Drip Loss, Water Holding Capacity, and pH

Drip loss was determined by weighing the amount of liquid 
remaining in each vacuum bag after removing fish fillets. 
Drip loss was calculated by considering the initial sample 
weight and vacuum bag weight. Water holding capacity 
(WHC) was measured in duplicate for each fillet. Each 
fillet was diced into small pieces [n = 2–3 pieces (approx. 
2 g; Ws)], wrapped in two filter papers (also weighted, 
Wi), and centrifuged (3000 × g, 10 min, 20 °C). After cen-
trifugation, the sample was removed, and the filter papers 
were weighed (Wf). The WHC was expressed as grams of 
water in the sample after centrifugation per 100 g of water 
initially present in the sample:

where H is the moisture content (%). Fillets from the same 
treatment group (n = 4) were ground together using a 
kitchen-aid food processor. Moisture was determined by dry-
ing at 103 ± 2 °C until a constant weight was reached. The 
pH of the samples was measured in triplicate using an S40 
SevenMulti (Mettler-Toledo SAE, Barcelona, Spain) and an 
Inlab Solids Pro (Mettler-Toledo SAE) probe. Samples were 
then vacuum-packed in aluminum bags and stored at − 75 °C 
for the chemical analysis.
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Lipid Hydroperoxides

Ground fish (3 g) were weighed in duplicate in a 50-mL cen-
trifuge tube, to which 5 mL of chloroform and 10 mL of 
methanol were added. The tube was immediately immersed 
in ice using Ultra-Turrax T25 (IKA Werke GmbH & Co. 
KG, Staufen, Germany), and the sample was homogenized 
at a speed of 3 for 1 min. After adding 5 mL of chloroform, 
the sample was vortexed for 1 min. Then, 5 mL of water 
was added, and the mixture was vortexed for 1 min. After 
centrifugation at 3000 × g for 30 min, the organic phase was 
filtered through Whatman filter paper (No. 1) in a volumetric 
flask. Next, 200 μL of this solution was mixed with 2.8 mL 
of methanol/butanol (2:1, v/v), and the lipid hydroperoxide 
content was measured, as described previously (Bou et al., 
2019). Cumene hydroperoxide was used as a standard, and 
the results were expressed as mmol of cumene hydroperoxide 
equivalents  kg−1 sample.

Total Volatile Basic Nitrogen (TVBN)

Ground fish (10 g) were weighed for analysis and diluted 
with 10 mL of distilled water. The mixture was completely 
homogenized using the Ultra-Turrax T25 model for 30 s 
at a speed of 3. Next, 10 mL of 150 g/kg trichloroacetic 
acid and 2 g/L ethylenediaminetetraacetic acid were added 
to the homogenate, and the mixture was vortexed for 30 s. 
The mixture was stored at 4 °C for 1 h. After centrifugation 
(15 min at 1250 × g), the aqueous phase was filtered through 
Whatman filter paper into a 20-mL volumetric flask. TVBN 
was determined in aliquots using a segmented continuous 
flow injection analyzer (Futura System; Alliance Instru-
ments, Frepillon, France). Volatile bases were released from 
this extract using 3 M sodium hydroxide and distilled water. 
The distillate was trapped in a phosphoric acid solution (85% 
phosphoric acid); thus, the lowered acidity of this solution 
was measured by the oxidoreduction reaction of potas-
sium iodide (50 g/L) and potassium iodate (2 g/L), yielding 
iodine. The decrease in yellow–brown color was measured 
at 410 nm. For the calibration curve, ammonium chloride 
was used between 0 and 150 mg/L N-NH4Cl dissolved in 
TCA 75 g/L (the results are expressed as mg nitrogen/kg, 
TVBN). This determination was performed after preparation 
and at different refrigerated storage points. Each sample was 
analyzed in duplicate. The mean value for each replicate was 
used as a single measurement in all analyses.

TBARS

A 2.5-mL aliquot of the filtered extract obtained for TVBN 
determination was pipetted into a screw-capped amber tube 
and 2.5 mL of 20 mmol/L aqueous thiobarbituric acid TBA 
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was added. The reaction mixture was incubated for 30 min 
at 70 °C in a water bath with agitation. After the tube was 
tempered for 30 min at room temperature, the absorbance 
was measured at 532 nm using a spectrophotometer. For the 
calibration curve, 1,1,3,3-tetraethoxypropane was used, and 
the results were expressed as micrograms of malondialde-
hyde equivalents  kg−1. This determination was carried out 
for the same storage period as that used for TVBN. Each 
sample was analyzed in duplicate, and the mean value was 
recorded as a single measurement.

Lipase Activity

Crude lipases were extracted from ground samples after 
1 day of storage, according to a previously described method 
(Hernández et al., 1999) with some modifications. In brief, 
5 g was homogenized in 25 mL of 50 mM phosphate buffer 
(pH 7.5) plus 5 mM EGTA, using the Ultra-Turrax T25 
homogenizer (4 × 10 s at 24,000 rpm) while immersed in 
ice. The homogenate was stirred for 30 min on ice and then 
centrifuged at 10,000 × g for 20 min at 4 °C. The superna-
tant was filtered and diluted to 25 mL with extraction buffer 
for enzyme activity assays. Neutral and acid lipase activi-
ties were measured as previously described (Jin et al., 2010; 
Zhou et al., 2019). 4-Methylumbellferyl oleate was used as 
a substrate to measure lipase activity. The substrate liberates 
fluorescent 4-methylumbelliferone after lipase hydrolysis, 
which was measured at 350 nm and 445 nm for excitation 
and emission, respectively, using a Varioskan microplate 
reader (Thermo Fisher Scientific, Waltham, Massachusetts, 
USA). Different reaction buffers were used to determine 
different lipase activities. In the case of neutral lipase, the 
reaction buffer comprised 0.22 M Tris/HCl (pH 7.5, contain-
ing 0.05% (w/v) Triton X-100), whereas for acid lipase, this 
was 0.1 M disodium phosphate/0.05 M citric acid (pH 5.0, 
containing 0.05% (w/v) Triton X-100 and 0.8 mg/mL BSA). 
One unit (U) of activity was defined as 1 nmol of released 
4-methylumbelliferone per min at 37 °C.

Sensory Analysis

The sensory evaluation of the samples was carried out by 
eight selected and trained panelists (ISO 8586–1:1993 and 
ISO 8586–2:1994). The descriptors for the samples were 
generated by open discussion in previous sessions, as 
described in Lazo et al. (2017). The samples were cooked 
in a convection oven at 115 °C for 20 min (100% relative 
humidity) in individual transparent glass jars. Samples were 
coded with three-digit random numbers and presented to the 
assessors in two different sessions, balancing the first-order 
and carry-over effects (Macfie et al., 1989). Each panelist 
assessed three treatments from the same section (front, cen-
tral, and rear) of different animals in each tasting session. A 

non-structured scoring scale was used for the analysis, where 
0 indicates the absence of the descriptor and 10 indicates the 
higher intensity of each descriptor.

Statistical Analysis

Two-way analysis of variance (ANOVA) considering the 
different fish fillet treatments and the storage time (main 
effects), and their interactions was performed to examine the 
existence of significant differences in the physicochemical 
parameters (drip loss, WHC, pH, color, and texture), chemi-
cal alteration parameters (lipid hydroperoxides, TBARS, and 
TVBN), and microbial counts (TVC, LAB, and SPB). The 
same model, including panelists, sample sections, and ses-
sions as fixed factors, was applied for the sensory attrib-
utes. In addition, a series of one-way ANOVA tests was 
performed for each storage time to determine the existence 
of significant differences between the different fish treat-
ments. Tukey’s honestly significant difference test was used 
to identify statistically significant differences within each 
main effect, considering p < 0.05 as significant.

Results and Discussion

Water Retention and Shelf Life Assessment

Table 1 shows the results in vacuum-packed seabream fish fil-
lets as affected by different treatments and refrigerated storage. 
Initially, drip loss was lower in the VIM treatment and higher 
in the VIM + HHP treatment, whereas the MC was not differ-
ent from the other two treatments. During storage, there was 
a tendency toward increased drip loss. However, only the MC 
and VIM treatments were found to be different when compar-
ing their initial and final values. These results are in line with 
those reported by Hurtado et al. (2000), who found decreased 
drip loss during the refrigerated storage of pressurized hake 
at 400 MPa. It is worth mentioning that no differences were 
observed in moisture content as a consequence of marination 
treatments and storage time (70.2%, 70.8%, and 69.2% for MC, 
VIM, and VIM + HHP, respectively). However, these values 
were lower than those reported for fresh fillets (Alasalvar et al., 
2001). This can be attributed to the effect of marination, which 
leads to reduced water content. Marination can also explain why 
the WHC was slightly lower than that in other studies dealing 
with seabream (Campus et al., 2010; Garrido et al., 2016). The 
fact that all treatments were marinated may have resulted in a 
similar WHC at the beginning of the storage period (Table 1). 
However, the VIM + HHP treatment resulted in lower WHC 
than the other treatments after five or more days of storage. Simi-
larly, as reported by Aubourg et al. (2013a, b), the expressible 
water content of Atlantic mackerel has been found to increase 
with HHP treatment. In seabream, Campus et al. (2010) found 
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that the WHC decreased with an increasing pressure (200, 300, 
and 400 MPa). Ramirez-Suarez and Morrissey (2006) reported 
that pressurized tuna resulted in a more “loose” gel structure, 
which facilitated the release of liquids. These effects have been 
attributed to denaturation changes in myofibril structure, with 
actin being mainly responsible for these changes. Campus et al. 
(2010) reported that high-pressure treatments inactivate degrad-
ing enzymes acting on proteins related to tissue integrity pres-
ervation and contribute to the maintenance of WHC. However, 
storage time was found to have no effect on WHC when studying 
the different treatments. Although the effects of sensory and 
textural properties will be discussed further, pressurization at 
250 MPa for 6 min seems to have minimal effects on WHC and 
drip loss.

At the beginning of storage, MC fillets recorded lower 
pH values than VIM + HHP fillets (Table 1). The initial 
pH values of the marinated fillets at the beginning of stor-
age (6.13‒6.25) were similar to those reported in previous 
studies using fresh seabream fillets (Garrido et al., 2016; 
Giannoglou et al., 2021). Giannoglou et al. (2021) also 
reported a slight increase (from 6.33 to 6.44) as a result of 
pressurization treatment (300 MPa for 5 min). The pH of the 
marinade was 2.6, suggesting that both the relatively short 
time of marination and vacuum impregnation resulted in 
the relatively poor diffusion of the marinade inside the sea-
bream fillets. This is also supported by the lack of an effect 
at longer storage periods. In contrast, the pH was found 
to be steady in all treatments for up to 12 days of storage 

and then increased at the end of storage. The formation of 
trimethylamine and other basic volatiles by the action and 
metabolism of endogenous or microbial enzymes explains 
the increase in pH during storage (Olatunde & Benjakul, 
2018). However, TVBN was unaffected by different treat-
ments and storage times (Table 1). The initial TVBN values 
were similar to those reported in the literature for seabream 
and other species (Erkan & Üretener, 2010; Garrido et al., 
2016; Parlapani et al., 2015). Moreover, the amounts reached 
at the end of storage were below the limit of 30 mg N/100 g 
(European Commission, 2005). In fact, this parameter typi-
cally increases during the late stages of storage, making it 
suitable only as an acceptance/rejection criterion. It is well 
known that the addition of individual or mixtures of different 
organic acids, such as citric, ascorbic, and acetic, can serve 
as effective antimicrobials in fish (García-Soto et al., 2014; 
Mei et al., 2019). These findings suggest that minor degrada-
tion occurred in marinated fillets, which can be partly attrib-
uted to the protective effect of the lemon–vinegar marinade.

The effects of different treatments and storage times on 
microbial counts are shown in Fig. 1. A limit of 6 log CFU/g 
was reached for the MC and VIM treatments at the end of 
storage. Therefore, it appears that under the studied condi-
tions, vacuum impregnation does not offer a technological 
advantage with regard to microbial growth. However, pres-
surization at 250 MPa caused a decrease in the TVC. This 
microbial reduction was also observed at different storage 
times when comparing different treatments. However, TVC 

Table 1  Drip loss, water holding capacity (WHC), pH, total volatile basic nitrogen (TVBN), lipid hydroperoxides (LHP), and TBARS of vac-
uum-packed seabream fillets stored under  refrigerationa

a Different letters (A–B) in the same column or row (a–d) indicate significant differences (p ≤ 0.05)

Parameter Treatment 1 day 5 days 9 days 12 days 16 days

Drip loss (%) MC 5.7 ± 0.13 AB, a 6.8 ± 0.44 B, a 7.8 ± 0.88 A, a 7.5 ± 0.94 A, a 10.3 ± 1.37 A, b
VIM 4.6 ± 0.25 B, a 5.7 ± 0.29 A, a 8.2 ± 0.46 A, b 7.9 ± 0.15 A, b 8.5 ± 0.78 A, b
VIM + HHP 6.0 ± 0.80 A, a 6.4 ± 0.18 AB, a 7.5 ± 0.69 A, a 8.0 ± 1.09 A, a 8.4 ± 1.42 A, a

WHC (%) MC 57 ± 4.1 A, a 57 ± 2.5 B, a 57 ± 3.9 B, a 56 ± 0.2 B, a 56 ± 0.7 B, a
VIM 62 ± 7.0 A, a 58 ± 1.8 B, a 53 ± 2.9 AB, a 53 ± 1.2 B, a 54 ± 3.8 AB, a
VIM + HHP 51 ± 4.1 A, a 49 ± 4.1 A, a 48 ± 1.0 A, a 45 ± 2.5 A, a 49 ± 0.8 A, a

pH MC 6.13 ± 0.087 A, a 6.18 ± 0.005 A, a 6.12 ± 0.024 A, a 6.03 ± 0.059 A, a 6.79 ± 0.063 A, b
VIM 6.29 ± 0.059 B, a 6.14 ± 0.052 A, a 6.26 ± 0.365 A, a 6.04 ± 0.016 A, a 6.78 ± 0.055 A, b
VIM + HHP 6.25 ± 0.019 AB, a 6.05 ± 0.200 A, a 6.12 ± 0.042 A, a 6.00 ± 0.066 A, a 6.81 ± 0.067 A, b

TVBN (mg N/g) MC 19 ± 1.2 A, a 19 ± 0.7 A, a 19 ± 0.9 A, a 20 ± 1.3 A, a 19 ± 1.8 A, a
VIM 19 ± 2.2 A, a 18 ± 1.2 A, a 20 ± 1.9 A, a 18 ± 1.9 A, a 18 ± 1.7 A, a
VIM + HHP 17 ± 1.5 A, a 20 ± 2.0 A, ab 21 ± 1.9 A, ab 18 ± 2.1 A, ab 22 ± 0.7 A, b

LHP (µmol/kg) MC 182 ± 49 A, a 121 ± 196 A, a 33 ± 57 A, a 66 ± 88 A, a 377 ± 216 A, a
VIM 131 ± 79 A, a 82 ± 74 A, a 209 ± 51 A, a 339 ± 208 A, a 698 ± 607 A, a
VIM + HHP 297 ± 180 A, ab 162 ± 141 A, a 219 ± 102 A, ab 418 ± 29 A, ab 654 ± 318 A, b

TBARS (µg/kg) MC 130 ± 46 A, a 235 ± 51 A, a 442 ± 92 A, b 392 ± 43 A, b 432 ± 40 A, b
VIM 123 ± 15 A, a 263 ± 74 A, ab 287 ± 55 A, ab 380 ± 62 A, b 447 ± 105 A, b
VIM + HHP 147 ± 15 A, a 267 ± 61 A, b 292 ± 20 A, bc 383 ± 56 A, c 500 ± 43 A, d
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Fig. 1  Total aerobic viable 
counts (a), lactic acid bacte-
ria counts (b), and sulfide-
producing bacteria counts (c) 
of vacuum-packed seabream 
fillets stored under refrigeration. 
Different capital letters (A–B) 
indicate significant differences 
within a storage time whereas 
different lowercase letters (a–c) 
indicate significant differences 
within a treatment (p ≤ 0.05)
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was not completely inactivated and increased with storage 
time. These findings are in line with the reported decrease 
in TVC in mackerel and seabream fillets upon pressuriza-
tion at 300 MPa for 5 min (de Alba et al., 2019; Giannoglou 
et al., 2021). Similarly, exposure to 200 MPa for 2 min was 
found to reduce aerobic psychrotrophic counts in salmon, 
cod, and mackerel species (Rode & Hovda, 2016). With 
regard to LAB, the initial low values were in agreement 
with those reported in other studies (Garrido et al., 2016; 
Giannoglou et al., 2021). Therefore, it is unclear whether 
pressurization at 250 MPa is an effective strategy for reduc-
ing LAB counts, as suggested by previous studies in the 
range of 200–300 MPa and for 5–10 min (Amanatidou 
et al., 2000; Giannoglou et al., 2021). Conversely, previ-
ous studies also reported the resistance of this microbial 
group to HHP treatment (250 MPa for 15 min) (Gómez-
Estaca et al., 2018). Regardless of the treatment, the LAB 
counts remained unchanged during storage (Fig. 1). These 
results are in line with those of Giannoglou et al. (2021), 
who reported a more progressive and delayed increase in 
LAB counts in pressurized fillets than in TVC. The initial 
SPB counts were lower than those reported in other stud-
ies on seabream and other fish species (Carrascosa et al., 
2015; Gómez-Estaca et al., 2018; Parlapani et al., 2015). 
Similar to LAB, the inactivation of SPB is difficult to ascer-
tain because of its relatively low levels, which explains why 
no differences were observed in SPB counts between treat-
ments for up to 5 days of storage. After this storage time, the 
VIM + HHP treatment recorded lower counts than the other 
treatments, which demonstrates the effectiveness of high 
pressures against SPB, in agreement with previous studies 
at pressures ≤ 250 MPa (Amanatidou et al., 2000; Gómez-
Estaca et al., 2018). Similar to other studies, HHP treatment 
maintained SPB counts below the detection limit throughout 
storage (Gómez-Estaca et al., 2018). Therefore, the studied 
pressurization treatment (250 MPa, 6 min) offered good pro-
tection in front of different microbial groups and more spe-
cifically against SPB, which allowed for the extension of the 
shelf life of the marinated product for up to 16 days under 
the experimental conditions. However, vacuum impregna-
tion does not offer an additional advantage in controlling 
microbial growth compared with conventional marination 
at atmospheric pressure.

In addition to microbial spoilage, the progression of 
oxidation may determine the shelf life of fish products. 
The results of oxidation, as measured by the content of 
lipid hydroperoxides and TBARS values, are shown in 
Table 1. The lipid hydroperoxide content was similar 
among treatments at all storage times. It can also be 
observed that the lipid hydroperoxide content showed a 
trend toward higher values with longer storage periods. 
However, only the fillets from the VIM + HHP treatment 

were found to be significantly different at the end of the 
storage period. It has been widely reported that HHP 
can promote oxidation, which has been attributed to cell 
membrane damage and the denaturation of heme pro-
teins, leading to hemin release (Bou et al., 2019; Gómez-
Estaca et al., 2018; Oliveira et al., 2017). Similar to lipid 
hydroperoxides, TBARS showed no differences among 
treatments at all storage times. However, TBARS val-
ues increased progressively with storage time, regardless 
of the treatment, and all recorded higher values than at 
the beginning of storage. However, the progression of 
lipid oxidation can be considered low when compared 
with other studies evaluating fresh and pressurized 
seabream fillets (Erkan & Üretener, 2010; Giannoglou 
et al., 2021). For instance, Erkan and Üretener (2010) 
who compared non-pressurized and pressurized seabream 
fillets at 250 MPa for 5 min at 3 °C and 15 °C reported 
higher TBARS values after 19 days of refrigerated stor-
age (1.5–3.5 mg/kg) than in the present study. Gianno-
glou et al. (2021) found that fish exposed to 300 MPa 
for 5 min had lower values than unpressurised controls 
throughout the storage period. Rode and Hovda (2016) 
compared pressurization at 0, 200, and 500 MPa for dif-
ferent fish species. These authors reported that samples 
exposed to 500 MPa had higher TBARS values. How-
ever, the progression of lipid oxidation depended on the 
fish species and, in some cases, the pro-oxidant effect 
at 200 MPa was similar to that of the control. Espinosa 
et al. (2015) cooked and pressurized seabream fillets at 
300 and 600 MPa for 5 min in a sauce containing olive 
oil and vinegar, among other ingredients, and compared 
the results. The TBARS values in this previous study 
are in line with our findings and increased with storage 
time; however, in most cases, the authors did not find 
significant differences between treatments. Among other 
factors, the partial inactivation of lipases (5.4 ± 0.11, 
6.1 ± 0.59, and 2.9 ± 0.87 U  kg−1 for neutral lipase in 
MC, VIM, and VIM + HHP, respectively, and 2.2 ± 0.16, 
2.3 ± 0.46, and 1.5 ± 0.46 U  kg−1 sample for acid lipase 
in MC, VIM, and VIM + HHP, respectively) as a con-
sequence of pressurization treatment may have reduced 
the release of free fatty acids, which are known to be 
prone to oxidation (Vázquez et al., 2018; Zhou et al., 
2019). In addition, it is worth mentioning that the mari-
nade used in the current study contains lemon, since cit-
ric acid and ascorbic acid have well-known antioxidant 
properties (Mei et al., 2019). Therefore, it is reasonable 
to assume that in seabream fillets, marination together 
with exposure to relatively mild pressurization treatments 
provided sufficient protection against the progression of 
lipid oxidation, with microbial growth being the main 
factor determining shelf life.
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Instrumental Color, Instrumental Texture, 
and Sensory Analysis

The instrumental colors of the fish fillets are shown in 
Table 2. The lightness, ranging from 52 to 78, was higher 
than that in previous studies using seabream fillets, which 
ranged from 35 to 45 (Andrés-Bello et al., 2015; Giannoglou 
et al., 2021). This increase can be attributed to the marinade 
cooking effect as shown in Fig. 2. Moreover, the comparison 
between treatments showed that pressurization (250 MPa, 
6 min) increased the lightness, an effect that was maintained 

throughout the storage period. This finding agrees with other 
studies that have attributed this whitening effect to protein 
changes, leading to an increase in light reflection (Giannoglou 
et al., 2021; Oliveira et al., 2017). However, mackerel pres-
surized at 150 MPa for 2.5 min or coho salmon pressurized at 
200 MPa for 30 s had no effect on lightness after processing 
(Aubourg et al., 2013a, b). Lightness was unaffected during 
the storage of non-pressurized samples (MC, VIM), whereas 
VIM + HHP samples showed a tendency toward darker colors. 
It is unclear whether this effect was caused by the brown-
ing of heme pigments and the progression of lipid oxidation 

Table 2  Instrumental color and texture of vacuum-packed raw seabream fillets stored under  refrigerationa

a Different letters (A–C) in the same column denote significant differences

Parameter Treatment 1 day 5 days 9 days 12 days 16 days

Lightness MC 52 ± 1.6 A, a 52 ± 3.3 A, a 51 ± 0.9 A, a 51 ± 1.6 A, a 51 ± 2.2 A, a
VIM 52 ± 2.0 A, a 51 ± 1.0 A, a 53 ± 1.6 A, a 51 ± 1.2 A, a 51 ± 1.4 A, a
VIM + HHP 78 ± 0.4 B, c 75 ± 1.7 B, a 77 ± 0.4 B, bc 76 ± 0.2 B, abc 76 ± 0.1 A, ab

Redness MC −4.5 ± 0.28 AB, b −4.3 ± 0.21 B, ab −4.1 ± 0.24 C, ab −4.4 ± 0.22 B, b −3.7 ± 0.22 A, a
VIM −4.6 ± 0.17 A, c −4.6 ± 0.06 B, c −3.7 ± 0.17 B, a −4.2 ± 0.19 B, bc −3.9 ± 0.25 A, ab
VIM + HHP −4.0 ± 0.02 B, b −3.3 ± 0.39 A, a −2.8 ± 0.07 A, a −3.4 ± 0.05 A, a −3.2 ± 0.35 A, a

Yellowness MC −1.1 ± 0.42 B, a 0.6 ± 0.62 A, b 0.7 ± 0.32 A, b 1.4 ± 0.14 A, b 1.2 ± 0.21 A, b
VIM −0.8 ± 0.38 B, c 0.3 ± 0.07 A, ab 0.1 ± 0.16 A, bc 1.0 ± 0.32 A, a 1.1 ± 0.55 A, a
VIM + HHP 6.7 ± 0.43 A, a 8.3 ± 1.21 A, ab 8.2 ± 0.31 B, ab 8.8 ± 0.57 B, b 8.3 ± 0.59 B, ab

Hardness (g) MC 181 ± 77 A, a 115 ± 41 A, b 140 ± 58 A, ab 136 ± 61 A, ab 139 ± 55 A, ab
VIM 175 ± 69 A, a 129 ± 65 A, b 156 ± 97 A, a 135 ± 53 A, ab 120 ± 52 A, ab
VIM + HHP 116 ± 48 A, a 172 ± 68 B, a 155 ± 60 A, a 137 ± 47 A, a 127 ± 50 A, a

Adhesiveness MC −2.8 ± 0.77 A, a −2.3 ± 0.56 A, a −2.5 ± 0.49 A, ab −2.5 ± 0.54 A, ab −2.5 ± 0.62 A, ab
VIM −2.8 ± 0.75 A, a −2.6 ± 0.50 A, b −2.2 ± 0.52 A, b −2.6 ± 0.60 A, ab −2.4 ± 0.66 A, ab
VIM + HHP −3.2 ± 1.00 A, a −3.6 ± 1.03 B, b −3.5 ± 1.21 A, a −3.3 ± 1.00 A, a −3.4 ± 1.08 B, a

Cohesiveness MC 0.59 ± 0.04 A, a 0.59 ± 0.04 A, a 0.59 ± 0.04 A, a 0.59 ± 0.03 A, a 0.59 ± 0.03 A, a
VIM 0.60 ± 0.04 A, a 0.60 ± 0.04 A, a 0.60 ± 0.04 A, a 0.58 ± 0.03 A, a 0.59 ± 0.03 A, a
VIM + HHP 0.59 ± 0.03 A, a 0.56 ± 0.05 B, b 0.56 ± 0.05 A, ab 0.59 ± 0.03 A, a 0.57 ± 0.05 B, ab

Springiness MC 0.84 ± 0.053 A, a 0.81 ± 0.080 A, ab 0.78 ± 0.067 A, b 0.79 ± 0.080 A, ab 0.77 ± 0.077 A, b
VIM 0.84 ± 0.066 A, a 0.84 ± 0.069 A, a 0.76 ± 0.073 A, b 0.80 ± 0.083 A, ab 0.78 ± 0.088 A, b
VIM + HHP 0.92 ± 0.048 B, a 0.92 ± 0.046 B, a 0.90 ± 0.056 B, a 0.91 ± 0.058 B, a 0.90 ± 0.073 B, a

Gumminess MC 105 ± 43 A, a 68 ± 26 A, b 83 ± 33 A, b 80 ± 37 A, b 82 ± 33 A, b
VIM 104 ± 40 A, a 77 ± 38 A, b 90 ± 55 A, ab 79 ± 31 A, b 70 ± 31 A, b
VIM + HHP 89 ± 28 A, a 96 ± 37 A, a 89 ± 33 A, a 81 ± 27 A, a 72 ± 30 A, a

Fig. 2  Pictures of fish fillets. 
T1, T2, and T3 correspond 
to the marination control 
(MC), vacuum impregna-
tion (VIM), and vacuum 
impregnation followed by the 
pressurization at 250 MPa for 
6 min (VIM + HHP) samples, 
respectively
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and/or a lower water content with longer storage times. With 
regard to redness, the recorded values at the beginning of 
storage were lower than those reported for fresh seabream 
fillets (Andrés-Bello et al., 2015; Oliveira et al., 2017). In 
addition, VIM + HHP treatment resulted in fillets that were 
more reddish than VIM, whereas MC showed intermediate 
values. Conversely, various studies have reported that HHP 
causes a decrease in redness, particularly at an elevated pres-
sure (Erkan & Üretener, 2010; Giannoglou et al., 2021; Zhao 
et al., 2019b). Therefore, it is possible that under these experi-
mental conditions, a marinade may be more effective than 
HHP in decreasing redness. It is also worth mentioning that 
fish contain relatively high amounts of hemoglobin, which has 
been shown to be relatively stable at pressures below 300 MPa 
(Bou et al., 2019). Upon storage, redness increased in all treat-
ments, and at the end of the storage period, no differences 
were observed between treatments. Some unclear behaviors 
in redness values have also been reported as a result of pres-
surization and vacuum impregnation treatments (Andrés-
Bello et al., 2015; Erkan & Üretener, 2010). As the color red 
is supposed to be mainly determined by heme proteins, this 
increase in redness may be attributed to the combination of 
vacuum and the reducing capacity of certain compounds, 
such as ascorbic acid, from the marinade. The yellowness 
values of the MC and VIM samples were similar to those 
reported for seabream fillets (Andrés-Bello et al., 2015; Erkan 
& Üretener, 2010). Andrés-Bello et al. (2015) reported that 
vacuum impregnation with nisin results in a decrease in yel-
lowness. Hence, it is possible that under our experimental 
conditions, marination may have counteracted this effect. 
However, pressurization led to an increased yellowness in 
the product, which was maintained throughout the storage 
period (Table 2). This effect has been previously described in 
various fish species (Erkan & Üretener, 2010; Oliveira et al., 
2017; Zhao et al., 2019b). In addition, there was a tendency 
for higher yellowness values with storage time, regardless of 
the treatment, which is also in agreement with similar studies 
(Erkan & Üretener, 2010). An increase in this parameter is 
often related to the progression of lipid oxidation (Aubourg 
et al., 2013a, b).

The instrumental textures are shown in Table 2, which 
indicate that hardness was unaffected by the different treat-
ments at almost all storage times. Only after 5 days of stor-
age, the VIM + HHP treatment resulted in a harder texture 
than the other treatments. These findings are in line with 
those reported in previous studies, in which the applica-
tion of low-pressure treatments (200 MPa for 30 s) in coho 
salmon was evaluated (Aubourg et al., 2013a, b). However, 
the application of HHP normally results in an increase in 
hardness (Giannoglou et al., 2021; Oliveira et al., 2017; 
Zhao et al., 2019a, b). Nonetheless, Oliveira et al. (2017) 
found that the effects of HHP are dependent on the process 
parameters, fish species, and methodology used. Therefore, 

it seems that, in our study, HHP caused minimal changes in 
proteins. During storage, there is a tendency toward a softer 
texture, which can be attributed to proteolysis. This effect 
was not observed in the pressurized samples, suggesting that 
the proteases were inactivated (Campus et al., 2010). Simi-
lar findings were obtained for adhesiveness, with minimal 
changes observed between the different treatments after 1, 
9, and 12 days of storage. However, pressurized treatments 
caused lower adhesiveness after 5 and 16 days of storage. 
This parameter also seemed to increase with longer storage 
times in the MC and VIM samples, whereas the VIM + HHP 
samples remained unchanged when comparing the values at 
the beginning and end of the storage period. Cohesiveness 
was found to behave similarly to adhesiveness, and thus, 
minimal changes occurred with exposure to the different 
treatments and their storage. Hence, it can be assumed that 
different treatments caused minimal changes in these two 
parameters. Springiness was affected by pressurization for 
all storage times (Table 2). Therefore, this parameter may 
better reflect protein changes caused by HHP. In addition, 
this parameter remained unchanged with storage time in the 
VIM + HHP samples, whereas lower values were observed 
in the MC and VIM samples at the end of the storage period. 
With regard to gumminess, no changes were observed in 
the different treatments. In addition, the pressurized samples 
(VIM + HHP) remained unchanged with storage, whereas 
the MC and VIM samples were found to decrease. The fact 
that springiness and gumminess remained unchanged in 
pressurized samples, while there was a trend toward lower 
values in the MC and VIM samples, may be attributed to 
the progression of proteolysis and its inactivation by HHP 
(Campus et al., 2010). Therefore, exposure to HHP had min-
imal or no effects on seabream fillets, except for springiness, 
but may have the advantage of preserving textural properties 
during storage by minimizing the effect of proteolysis.

The sensory analyses of cooked seabream fish fillets are 
shown in Table 3. Apart from odors imbued by the lemon 
and vinegar, the characteristic aroma of the fish fillets was 
unaffected by the treatments. As the marinade contains 
lemon juice and vinegar, this explains the higher scores in 
the treatments that involved the marination step (MC, VIM, 
and VIM + HHP). However, the lemon odor in the MC was 
not different from that in the unprocessed control sample, 
suggesting that vacuum impregnation was more efficient in 
the penetration of the aroma into the tissue. The same trend 
was observed for vinegar aroma. Unprocessed control sam-
ples also showed a lower amount of exudate, although this 
was only significantly different from the VIM + HHP treat-
ment. High pressures induce protein unfolding and denatura-
tion, which may explain the higher release of exudates. In 
general, WHC is related to the compression of fibers, and 
protein denaturation and HHP may alter the conformation of 
proteins (Campus et al., 2010; Oliveira et al., 2017). These 
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effects may have been exacerbated in the cooked samples, 
which may explain the increased amount of exudate. Pres-
surized samples also showed a higher presence of fat drop-
lets when compared with the unprocessed control sample 
and MC, which may be indicative of structural damage. 
However, the turbidity of the exudate in the VIM + HHP and 
unprocessed control samples was higher than that in the MC 
and VIM samples, whereas no differences were observed in 
the color of the exudate or the presence of white spots. In 
general, the appearance of the cooked product (e.g., white 
spots, color intensity, and laminar structure) was unaffected 
by the treatments (Table 3). Flavor attributes showed similar 
results, and the overall flavor intensity, sardine flavor, but-
ter flavor, and bitter flavor were similar between the treat-
ments and the unprocessed control sample. Similar to aroma, 
sour and lemon flavors were affected by the marinade. The 
unprocessed control samples recorded the lowest scores, fol-
lowed by MC, VIM, and VIM + HHP. This finding reinforces 
the hypothesis of the higher penetration of lemon aroma 
compounds and acetic acid into fish tissues after vacuum 
impregnation. In addition, pressurization may enhance the 
perception of these flavor compounds. Thus, this treatment 

may also reduce the marination time and improve the sen-
sory characteristics. Firmness, crumbliness, and adherence 
to teeth were unaffected by the treatments, suggesting that 
mild pressurization treatments (250 MPa, 6 min) did not 
substantially change the sensory properties of cooked fillets, 
which is in agreement with previous studies comparing the 
effects of 0, 300, and 600 MPa on firmness (Espinosa et al., 
2015). The same authors reported that juiciness decreased 
with pressure; however, in this study, VIM + HHP and 
unprocessed control fillets were found to be higher. The pos-
itive effect of HHP may be related to enhanced perception 
of lemon and sour attributes. However, marination seems to 
increase pastiness, which can be attributed to the effect of 
the marinade rather than exposure to high pressure.

Conclusions

Collectively, these results indicate that the exposure of 
seabream to 250 MPa for 6 min caused minimal changes 
in its physicochemical properties (e.g., WHC, drip loss, 
and texture), TVBN, and oxidation. The main limitation 

Table 3  Sensory analysis of 
cooked seabream fillets after 
5 days of vacuum-packed 
refrigerated  storagea

a A fresh raw sample, without further processing, was used as the control. Different letters in the same row 
(A–C) indicate significant differences (p ≤ 0.05)

Descriptor MC VIM VIM + HHP Control1

Overall aroma 5.7 ± 1.1 A 5.8 ± 1.1 A 5.9 ± 1.1 A 5.5 ± 1.2 A
Ammonia odor 0.7 ± 0.98 A 0.5 ± 0.90 A 0.3 ± 0.66 A 0.4 ± 0.63 A
Sardine odor 1.5 ± 1.75 A 1.5 ± 2.03 A 1.4 ± 1.93 A 1.3 ± 1.74 A
Butter odor 3.8 ± 1.66 A 3.2 ± 1.63 A 3.4 ± 1.78 A 3.7 ± 1.65 A
Lemon odor 0.9 ± 0.80 A 1.6 ± 1.27 B 2.1 ± 1.42 B 0.3 ± 0.61 A
Vinegar odor 1.2 ± 1.12 B 1.5 ± 1.17 B 1.7 ± 1.27 B 0.2 ± 0.41 A
Exudate amount 5.3 ± 1.94 AB 5.3 ± 1.95 AB 6.3 ± 1.88 B 5.1 ± 2.1 A
Exudate turbidity 1.9 ± 1.78 A 1.8 ± 1.43 A 3.6 ± 2.70 B 4.0 ± 2.07 B
Exudate color 2.3 ± 2.30 A 2.4 ± 2.32 A 2.7 ± 2.24 A 2.3 ± 2.03 A
Presence of fat droplets 1.7 ± 1.56 A 1.8 ± 1.78 AB 2.8 ± 1.78 B 1.7 ± 1.85 A
Suspended particles 3.0 ± 1.96 AB 2.8 ± 1.84 A 4.2 ± 2.09 B 4.2 ± 2.15 B
White spots 3.0 ± 1.63 A 3.5 ± 1.52 A 3.3 ± 2.05 A 3.0 ± 1.61 A
Visual color intensity 1.9 ± 1.35 A 2.1 ± 1.44 A 1.5 ± 1.13 A 1.4 ± 1.15 A
Laminar structure 3.5 ± 1.86 A 3.8 ± 1.77 A 3.5 ± 2.10 A 4.3 ± 2.11 A
Overall flavor 5.2 ± 1.52 A 5.2 ± 1.46 A 5.5 ± 1.56 A 5.0 ± 1.15 A
Sour flavor 1.8 ± 1.09 B 1.9 ± 1.27 B 2.7 ± 1.20 C 1.0 ± 0.87 A
Lemon flavor 1.6 ± 1.59 B 2.2 ± 1.83 BC 3.0 ± 2.24 C 0.3 ± 0.58 A
Sardine flavor 1.6 ± 1.27 A 1.8 ± 1.59 A 1.5 ± 1.58 A 1.4 ± 1.34 A
Butter flavor 2.3 ± 1.07 A 2.1 ± 1.10 A 2.1 ± 1.23 A 2.8 ± 1.23 A
Bitter flavor 2.3 ± 1.50 A 2.23 ± 1.65 A 1.9 ± 1.41 A 2.0 ± 1.41 A
Firmness 5.4 ± 1.29 A 5.4 ± 1.52 A 4.9 ± 1.42 A 4.8 ± 1.26 A
Crumbliness 5.0 ± 1.34 A 5.0 ± 1.31 A 5.6 ± 1.17 A 5.3 ± 1.28 A
Juiciness 4.4 ± 1.44 AB 4.3 ± 1.54 B 5.2 ± 1.40 A 5.3 ± 1.50 A
Pastiness 3.8 ± 1.91 AB 4.1 ± 1.93 A 4.1 ± 2.04 A 2.9 ± 1.47 B
Teeth adherence 3.8 ± 1.94 A 3.6 ± 1.92 A 4.0 ± 2.14 A 4.3 ± 1.81 A
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of pressurized fresh fillets could be mainly determined by 
the increased lightness and more “cooked” appearance, 
which was higher than that in the other marinated treat-
ments. This effect is related to protein changes which, on 
the other hand, seem to be of minor importance as most of 
the textural parameters were mainly unaffected when com-
pared with the other marination processes. These findings 
are in line with those observed in the sensory analysis, as 
marination and HHP were found to have minor effects on 
the studied descriptors, with aroma and flavor attributes 
mainly determined by marination. However, pressurization 
treatment extended the shelf life up to 16 days when stored 
at 1–2 °C, whereas vacuum impregnation was found to be 
ineffective in controlling microbes compared to conventional 
marination. Therefore, pressurization at moderate pressures 
seems to be an effective strategy for extending the shelf life 
of marinated products, as most of these changes can be mini-
mized or masked by the marinade. However, further studies 
are required to confirm whether these changes will have an 
effect on consumer acceptance.
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