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Abstract
A comparative study on the effect of nonthermal processing using cold atmospheric plasma (CAP), ozonation (OZ), pulsed
electromagnetic fields (PEMF) and high pressure (HP) on the quality and shelf life of fresh sea bream fillets was conducted. The
aim was the selection of the optimum nonthermal processing technology for minimum effect on the fish quality and maximum
shelf-life extension, based on pre-selected processing conditions for each technology. Air plasma was generated using a surface
dielectric barrier discharge (SDBD) source (3 kV, 45 kHz) applied for 15 min at 25 °C. PEMF (80 J/pulsed energy, 12.5 mT,
3 Hz) and OZ (1.3 mM of aqueous ozone, flow rate 640 ppm) were also applied for 15 min at 25 °C. HP treatment at 300 MPa/5
min at 25 °Cwas studied. Processed and unprocessed fillets were stored at 4 °C for 22 days. The fish fillets were analysed for their
microbial load, pH, texture, colour, lipid oxidation, and sensorial characteristics, during storage. The shelf life of the product was
extended by 4 and 2.5 days after HP and CAP processing, respectively. HP was more effective on the microbial load reduction
compared to the other processes; nevertheless, colour and texture alteration of the fish fillets was observed. CAP processing
decreased the initial total microbial load by 1.03 logCFU/g, while also resulted to reduced intension of the fish odour. PEMF and
OZ affected slightly the quality indices nevertheless found to be less effective on the microbial load reduction with only 1 day
shelf-life extension of the fillets.
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fillets

Introduction

Fresh fish fillets are considered among the most nutritive food
products consumed worldwide; however, they are highly per-
ishable thus requiring proper handling and preservation to
ensure long shelf life. Concerning the latter, in order to de-
crease the rate of fish quality deterioration, various techniques
are applied such as the use of modified atmosphere packaging
(MAP), vacuum packaging, hot or cold smoking, and marina-
tion. However, the use of such techniques leads either to a
slight extension of shelf life or to significant effect on the
sensorial characteristics of that kind of products, making them
not comparable to the fresh ones.

Nonthermal processing technologies could potentially lead
to microorganisms’ inactivation and shelf-life extension while
maintaining the organoleptic characteristics of fish products.
In the literature, high pressure (HP) is considered to be a
process leading to microbiologically stable and quality-
improved food products [15]. Processing conditions include
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pressures ranging from 100 to 1000MPa, combined with mild
temperatures (5–60 °C). The positive effect of HP on the mi-
croflora of several fish is cited in the literature. Rode and
Hovda [29] presented a reduction of 3 and 5 logCFU/g in
the total viable count (TVC) for cod and mackerel, respective-
ly, after HP processing at 500 MPa, 2 min, 8–9 °C. Teixeira
et al. [33] observed a reduction of 2 logCFU/g in the total
viable count (TVC) of sea bass (Dicentrarchus labrax), after
HP processing at 400 MPa, 30 min, 6 °C. Mengden et al. [22]
also presented > 6 logCFU/g reduction in Listeria
monocytogenes and Escherichia Coli of European catfish
(Silurus glanis) after HP processing at 600 MPa, 5 min at
room temperature. Tsironi et al. [35] reported a significant
shelf-life extension for sea bream fillets; nevertheless, the in-
tense treatment conditions used (600MPa, 25oC for 5min) led
to significant colour and texture alteration (fillets were evalu-
ated as being cooked).

Cold atmospheric plasma (CAP), frequently called the
“fourth state of matter”, is a weakly ionised gas consisting of
a mixture of neutral and charged particles, free radicals, excit-
ed species and photons. CAP is an emerging nonthermal pro-
cessing technology that could also be used for fish decontam-
ination without affecting the quality characteristics of the final
product [2]. Air plasma effectively inactivates microorgan-
isms mainly via chemical interaction with reactive oxygen-
nitrogen species (RONS) produced in the gas phase [25].
The effect of the application of CAP technology on the quality
characteristics and microorganism inactivation of food prod-
ucts has so far been investigated in meat [6], fruits [32], fruit
juices [37], vegetables [10, 23] and grains [30]. The results
mainly indicate microbial inactivation and significant or not
quality changes depending on the product characteristics, the
processing intensity and the CAP source used.

Ozonation is a commercially accepted technology that is
applied for many aspects in the food industry. Ozone is widely
used in industry for surface disinfection of meat, fruit and
vegetable products [11, 14]. Numerous studies have been con-
ducted to investigate the efficacy of ozone in microbial inac-
tivation mainly in fruits and vegetables with promising results
[1, 19].

Pulsed electromagnetic fields (PEMF) technology is main-
ly studied for its use for human therapeutic purposes.
Although this technology does not appear to have been stud-
ied for its effect on food products, PEMF is considered to be
a promising technology for microbial inactivation as well
[31, 34].

The aim of the research presented herein was to investigate
and compare the effect of novel processing technologies such
as high pressure, cold atmospheric plasma, pulsed electromag-
netic fields and ozonation on fresh fish fillets in order to ex-
tend their shelf life without affecting their quality characteris-
tics. This is a comparison between all these technologies,
based on the available equipment for each technology. CAP

and PEMF are not commercially available, so there is signif-
icant space for their equipment improvement. However, a
methodology to establish a holistic approach for comparing
such diverse technologies is established, which can be repeat-
ed in the future after extensive optimisation of each technolo-
gy for the particular or similar food matrixes.

Materials and Methods

Sample Description

A number of 70 sea bream fillets (Sparus aurata) were
supplied by SELONDA Aquaculture SA (leader in
Mediterranean sea bream production). After 24-h storage at
a 0 °C chamber, a number of 56 samples were shared and
processed using four different nonthermal technologies. A
number of 14 fish fillets remained unprocessed (control) for
comparative evaluation.

Nonthermal Processing

Sea bream fillets were processed under a wide range of con-
ditions in order to select the reference processing conditions
for each nonthermal technology (preliminary experiments—
data not shown). The selection of the reference conditions was
based on microbiological and sensory analyses taking into
account the minimum effect on the fish quality and maximum
effect on their initial spoilage microbial load.

High Pressure

A number of 14 sea bream fillets were vacuum packed in
sterile HDPE pouches for HP processing at 300 MPa for
5 min at 25 °C. The process conditions were selected by pre-
liminary experiments among the range of pressure 100–600
MPa, at 25 °C for 1–10-min processing time. HP processing
was carried out in a laboratory-scale HP system with a max-
imum operating pressure of 1000 MPa (Food Pressure Unit
FPU 1.01, Resato International BV, Roden, Holland). A num-
ber of 3 sea bream fillets were placed each time into the HP
chamber for processing. The system pressure transfer medium
was polyglycol (ISO viscosity class VG 15, Resato
International BV, Roden, Holland). During processing the rate
of compression was about 100 MPa/7 s, while the rate of
decompression was less than 3 s. During high-pressure pro-
cessing of the fish fillets, the adiabatic heating phenomenon
was taken into consideration. The temperature of the samples
when processed was 18 °C and was increased to 24–26 °C
during processing, while temperature immediately returned to
the initial value after pressure released.
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Cold Plasma in Atmospheric Pressure

CAP was performed in a closed rectangular glass reactor
chamber with a surface dielectric barrier discharge (SDBD)
source adjusted on the plastic lid at the upper side. Plasma was
excited in air and in batch conditions using the atmospheric air
trapped inside the enclosure. The plasma device, able for in-
storage food decontamination, is described in detail by
Dimitrakellis et al. [9]. A number of 14 unpacked fish fillets
were placed individually in the chamber at a distance of 4 cm
from the surface of the SDBD source. The SDBD device
operated using sinusoidal high voltage at around 3-kV ampli-
tude and 45-kHz frequency for processing time 15 min (pro-
cess durations from 1 to 30min were studied to select the most
efficient and less destructive time for the fillets) at 25 °C.

Pulsed Electromagnetic Fields

A number of 14 sea bream fillets were packed in sterile HDPE
pouches for PEMF processing at 80 J/pulsed energy, ampli-
tude 12.5 mT and repetitive frequency of 3 Hz for 15 min
(process durations from 1 to 30 min were studied to select
the most efficient and less destructive time for the fillets) at
25 °C. The pulsed magnetic field generator Papimi was used.
Papimi is a class IIα device type BF with maximum operating
conditions of 240 V input voltage, 2500 VA power, energy
per pulse 96 J and 300 MHz frequency. The device has a
mechanical arm holder (optional) for the application coil
(probe) and two types of application coils (probes).

Ozonation

Ozonation was performed using an appropriate ozone gener-
ator creating a level of 1.3 mM of aqueous ozone at a flow rate
640 ppm. A number of 6 sea bream fillets were placed each
time into the ozone chamber. The processing time and tem-
perature conditions were set to 15min (process durations from
1 to 30 min were studied to select the most efficient and less
destructive time for the fillets) and 25 °C, respectively. A
number of 14 fish fillets were used for the experiments.

Shelf-Life Study

For each one of the nonthermal technologies studied, includ-
ing control samples, a number of 14 sea bream fillets were
stored in a dark cooling incubator at 4 °C for up to 22 days.
Fish fillets were packed in open-air HDPE pouches. At stor-
age times 0, 1, 4, 7, 10 and 15 days, the fillets were analysed
for their microbial load, pH, lipid oxidation, texture, colour
and sensory characteristics (odour, texture, colour, overall
impression), while at day 22 only microbial analysis was con-
ducted. The shelf life of the untreated (control) and

nonthermally treated fish fillets was estimated based on
Eq. 2.1.

SL ¼ N maxð Þ−N 0ð Þ
k

ð2:1Þ

where SL is the estimated shelf life, N(max) is the maximum
value of the main deterioration factor for non-acceptability
limit, N(0) is the initial value of the main deterioration factor
and k the response constant rate.

Microbiological Analysis

The fish fillets were analysed for the existence of lactic acid
bacteria (LAB), Pseudomonas spp., Enterobacteriaceae and
total viable bacteria (TVC). The surface plating technique
(ISO 4833-2:[13]) was used for the growth of TVC and
Pseudomonas spp. while pour plate method (ISO 4833-
1 : [ 12 ] ) wa s u s ed fo r t h e g row th o f LAB and
Enterobacteriaceae. TVC and Pseudomonas spp. were grown
on plate count agar (Biokar Diagnostics, Beauvais, France)
and Pseudomonas agar base (Lab M), respectively. The col-
umns of the TVC and Pseudomonas spp. were enumerated
after incubation at 25 °C for 72 h. De Man-Rogosa-Sharpe
Agar (MRS Agar (ISO), Lab M) and incubation at 30 °C for
96 h were used for LAB growth. Enterobacteriaceae were
enumerated after incubation at 37 °C for 24 h on violet red
bile glucose agar (VRBG) (Biokar Diagnostics, Beauvais,
France). Three replicates of at least three appropriate dilutions
were enumerated.

Analysis of Physicochemical Characteristics

The pH value of the fish fillets was measured by means of a
combined glass electrode in a dispersion of minced flesh in
distilled water (1:1 ratio) using an ORION ion analyser model
EA 940 (ORION-scientific, Limena (PD), Italy).

The colour of the samples was measured using colorimeter
Minolta CR-300 (Minolta Company, Chuo-Ku, Osaka, Japan)
with illuminant D65 and 10

o standard observer, and expressed
through CIEL*a*b* colour scale where L*-value is the light-
ness and represents the change from black (0) to white (100),
a*-value the change from green (− 60) to red (+ 60) and b*-
value the change from blue (− 60) to yellow (+ 60). The
calibration of the colorimeter was performed using a standard
white plate (L* = 21, a* = (− 0.05), b* = 3.21). The colour
change of the fish fillets during storage was described through
Eq. 2.2.

ΔE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L*−Lo*
� �2 þ a*−ao*ð Þ2 þ b*−bo*

� �2
q

ð2:2Þ
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where Lo*, ao* and bo* are the L*, a* and b* values at time
zero, respectively.

The lipid oxidation of the fish fillets was evaluated
spectrophotometrically according to Mendes et al. [21]
method, through the determination of the formed thiobarbitu-
ric acid reactive substances (TBARs). TEP (1,1,3,3-
tetraethoxypropane) was used as the malonaldehyde (MDA)
standard. A solution of TEP in 7.5% TCA at concentrations
2.0 to 10.0 μM was used in order to prepare a standard curve
for the determination of TBAR concentration, which was
expressed as mg malonaldehyde (MDA) per kg. The absor-
bance was measured using a digital UV-Vis spectrophotome-
ter (Varian Cary®50 UV-Vis Spectrophotometer, Agilent) at
530 nm.

Texture Analysis

Texture analysis was performed using a ΤΑ.HD Plus texture
analyser (Stable Micro Systems Ltd., UK). A flat ended cyl-
inder with diameter 20 mm (type P/20) was used in order to
simulate the human finger. The speed of the probe was de-
fined at 1 mm/s during the test and 2 mm/s for pre- and post-
test throughout the analysis, and the penetration depth was set
at 7.00 mm.

All measurements were carried out at temperature 25 ± 1
°C, and the hardness of the fish fillets was determined. For
statistical analysis, 10 replicates in each fillet took place.

Sensory Analysis

A panel of at least ten members of laboratory personnel famil-
iar to fish products were semi-trained prior the experiments to
distinguish deterioration of the fillets, evaluated the
nonthermal-processed fish fillets at all sampling points. All
the samples were compared with untreated ones coded as con-
trol. Only raw fish fillets were scored for their colour, appear-
ance, texture (hardness), odour and overall impression by
means of a 1 to 9 hedonic scale. The colour, hardness (cutting
using knife) and odour of the fish fillets were scored in terms
of intensity (score 1—low intensity; score 9—high intensity)
while the appearance and overall impression of the fillets were
scored in terms of likeliness (score 1—low likeliness; score
9—high likeliness). In the case of the latter, the score of 5
corresponded to the characterisation “neither like nor dislike”
and was considered the limit for product acceptability.

Statistical Analysis

At each sampling point, all quality parameters were measured
in two different untreated or treated with each studied technol-
ogy samples. At least two replicates were performed for each
sample and samplingmeasurement according to the parameter
to be measured. The deviation among the measurements was

expressed through standard deviation (average ± stdev). In the
case of kinetic modelling of quality parameters, the deviation
among the calculated values of the constant rates (k) was
expressed through standard error (s. error). The 95% confi-
dence upper and lower values were also estimated via a re-
gression statistical routine. To assess the significance of the
impact of the different nonthermal technologies on fish fillets
at time zero and also during storage at 4 °C, all the received
data were analysed statistically by one-way ANOVA using
least significant difference (LSD) at p < 0.05 to evaluate dif-
ferences between samples. Significant differences among data
were assessed by Duncan’s multiple range test.

Results and Discussion

The Effect of Nonthermal Processing on Sea Bream
Fillet Quality

Microbiological Analysis

Microbial load of control samples at time zero was estimated
for TVC, Pseudomonas spp., LAB and Enterobacteriaceae as
5.57 ± 0.07, 5.11 ± 0.06, 1.65 ± 0.07 and 4.23 ± 0.07 logCFU/
g, respectively. Based on the results, nonthermal processing of
fish fillets led to microbial inactivation depending on the ap-
plied processing technology (Table 1).

Based on the resul ts and sta t i s t ica l analys is ,
Enterobacteriaceae seemed to be the most sensitive microor-
ganism after PEMF treatment, while for HP and OZ treat-
ments the highest and similar (with no statistical differences,
p > 0.05) sensitivity was observed for Enterobacteriaceae and
Pseudomonas spp. CAP technology seemed to be more effec-
tive on Pseudomonas sp. inactivation (Table 1). CAP technol-
ogy seemed to be more effective on Pseudomonas sp. inacti-
vation (Table 1). The highest reduction of TVC was observed
for HP-treated samples by 3.57 ± 0.10 logCFU/g, followed
by CΑP-treated ones by 1.03 ± 0.04 logCFU/g, compared
with control samples. TVC was decreased by 0.49 ± 0.06
logCFU/g and 0.42 ± 0.05 logCFU/g for OZ- and PEMF-
treated fish fillets, respectively (no statistically significant
differences were observed between the two processes,
p > 0.05) (Table 1).

Ortega Blázquez et al. [28] estimated a reduction of 2.36
log cycles for TVC in HP-treated at 300MPa/5 min sea bream
fillets. Albertos et al. [2], after CAP processing of fresh
mackerel fillets (DBD source, 70-80 kV, 1–5 min), reported
no significant changes in TVC load in contrast to the
Pseudomonas spp. and LAB loads which were decreased
significantly. On the other hand, Chen et al. [8] reported sig-
nificant TVC reduction from 5.02 ± 0.48 to 2.64 ± 0.16
logCFU/g for the fish flesh, after DBD processing (60 kV,
45 s) of chub mackerel. Based on the literature, during DBD
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processing, reactive oxygen species (ROS) are generated.
Especially for ozone formation generated in large quantities
and for which a long relative half-life has been reported [36],
its reaction in combination with other species can cause bac-
teria inactivation [18]. Zhao et al. [40] also reported a decrease
of TVC from 4.67 ± 0.07 to 4.35 ± 0.04 log CFU/g after
soaking of Nile tilapia fillets in flow-ozonated water (4.0
mg/L) for 30 min.

Physicochemical Characteristics and Texture Analysis

Based on the data obtained from colour analysis, the nonther-
mal technologies applied seemed to have ambiguous effect on
brightness (L*-value), redness (a*-value) and yellowness (b*-
value) of the flesh of the sea bream fillets (Table 2). CAP, OZ
and PEMF processing led to a slightly increased brightness
(L*-value) of the fish flesh as instrumentally measured.

Based on one-way ANOVA statistical analysis no signifi-
cant differences were observed on the brightness (L*-value) of
the OZ- and CAP-processed sea bream fillets, as well as on the
colour parameters a* and b* of the control and CAP-
processed fillets.

PEMF-processed fillets L*-values were found to be
slightly lower compared with control, and CAP- and
OZ-processed samples. Although HP processing condi-
tions applied (300 MPa/5 min) considered to be of low
impact, L*- and b*-values were increased and a*-value
was decreased (appearance as of a slightly cooked prod-
uct) compared with control samples at day zero. Ortega
Blázquez et al. [28], also observed a negative effect of
increased pressures on the colour of the sea bream fillets,
selecting conditions of 300 MPa/5 min as the optimum for
microbial reduction while having lowest impact on the
natural colour of the fillets.

The pH value of the HP samples increased slightly from
6.33 ± 0.02 to 6.44 ± 0.01 after processing in contrast to
the other technologies which led to decreased pH values as
6.35 ± 0.02, 6.28 ± 0.03 and 6.22 ± 0.02 for the PEMF-,
CAP- and OZ-processed fish fillets (Table 2), respectively.
In the case of HP, the increase of pH value of the fish flesh
after HP processing could be attributed to the denaturation
of some protein fractions which cause a decrease in avail-
able acidic groups [3]. In contrast, several researchers have
reported a decrease in pH value after DBD treatment
[2, 18, 36] of different food products which could be

Table 2 Physicochemical characteristics of the sea bream fillets after processing using high pressure (HP), cold atmospheric plasma (CAP), ozonation
(OZ) and pulsed electromagnetic fields (PEMF)—comparison with unprocessed sea bream fillets (control) (mean value ± standard deviation)

Processing technology Chroma Analysis-CIE Lab pH value TBARs
(mg MDA/kg)

Hardness
(N)

L*-value a*-value b*-value

Control 44.98 ± 0.15d* -0.883 ± 0.08c -4.840 ± 0.07c 6.33 ± 0.02c 0.37 ± 0.04c 20.13 ± 0.31c

HP 84.25 ± 0.52a -2.050 ± 0.09d 0.170 ± 0.31a 6.44 ± 0.01a 0.37 ± 0.05c 37.59 ± 0.46a

CAP 49.35 ± 0.45b -0.887 ± 0.08c -4.850 ± 0.07c 6.28 ± 0.03d 0.71 ± 0.06a 20.62 ± 0.56c

OZ 49.17 ± 0.39b 0.417 ± 0.03a -4.290 ± 0.14b 6.22 ± 0.02e 0.51 ± 0.03b 29.84 ± 0.68b

PEMF 46.84 ± 0.33c 0.163 ± 0.03b -4.203 ± 0.08b 6.35 ± 0.02b 0.37 ± 0.05c 17.19 ± 0.10d

*Values with different superscripts (a, b, c, d, e) were significantly different as shown by Duncan’s multiple range test. The different superscripts are
referred to each one of the studied physicochemical index and evaluated among the data of each column

Table 1 Reduction of the load (logCFU/g) of the total viable count
(TVC), lactic acid bacteria (LAB), Pseudomonas spp. and
Enterobacteriaceae of the nonthermal-processed sea bream fillets using

high pressure (HP), cold atmospheric plasma (CAP), ozonation (OZ) and
pulsed electromagnetic fields (PEMF); comparison with unprocessed
samples (control) (mean value ± standard deviation)

Microorganisms Processing technology

HP CAP OZ PEMF

TVC 3.57 ± 0.10Aa* 1.03 ± 0.04Ba 0.49 ± 0.06Ca 0.42 ± 0.05Cb

LAB 0.65 ± 0.02Ac 0.30 ± 0.01Bd 0.10 ± 0.01Cc 0.04 ± 0.01Dd

Pseudomonas spp. 3.11 ± 0.09Ab 0.93 ± 0.03Bb 0.27 ± 0.01Cb 0.19 ± 0.05Cc

Enterobacteriaceae 3.23 ± 0.09Ab 0.58 ± 0.03Bc 0.29 ± 0.02Cb 0.52 ± 0.04Ba

*Values with different superscripts (a, b, c, d) were significantly different as shown byDuncan's multiple range test. Letters in capital indicate differences
among data in a row (processing technology) while small letters indicate the differences among data in a column (microorganisms)
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attributed to H+ dissociation during treatment and the for-
mation of nitric acid (HNO3) and nitrous acid (HNO2) [27].

Based on the results on the lipid oxidation through the
determination of the formed thiobarbituric acid reactive sub-
stances (TBARs), CAP fillets showed the highest values of
TBARs, indicating increased formation of secondary lipid ox-
idation products. OZ-treated samples followed CAP samples,
while the lowest values without statistically significant differ-
ences (p > 0.05) appeared for HP and PEMF samples and
control sea bream fillets (Table 2). Albertos et al. [2] reported
no significant differences between control and in-pack CAP-
processed (70, 80 KV/1, 3, 5 min) fresh mackerel. In contrary,
Kim et al. [18] observed higher TBAR values after DBDCAP
processing of pork loin.

Based on one-way ANOVA statistical analysis, no signif-
icant differences were observed in the hardness between the
control and CAP-processed sea bream fillets (p > 0.05).
PEMF-treated were slightly softer (reduction in hardness)
compared with all the other samples (p < 0.05), potentially
attributed either to destruction of fish muscle microstructure
by disintegration of muscle fibres and the rupture of
perimysial and epimysial connective tissue networks or by
increased electroporation due to the magnetic fields resulting
in bond rupture. In contrary, OZ-treated fillets found to be
slightly harder compared with control, and CAP- and
PEMF-treated ones (p < 0.05), while HP-processed fillets
showed the highest values in hardness compared with all other
samples (p < 0.05) (Table 2). Several researchers have ob-
served an increase in hardness of fish flesh after HP processing,
i.e. for 100 MPa/30 min processed bluefish [4], 300 MPa/15
min processed mahi mahi [38] and 400 MPa/20 min processed
cod [3]. Zare [39] has attributed this phenomenon to in-
creased protein-protein interactions and bond formation
during HP processing of the fish muscles.

Sensory Analysis

In Fig. 1, the scores of the sensory panel for the hardness,
odour and colour in terms of intensity and the overall accep-
tance of the unprocessed and nonthermal-processed raw sea
bream fillets at time zero, are presented.

After CAP, ozonation and PEMF processing, all the sea
bream fillets were sensory accepted and they were given the
highest score on the hedonic scale. HP samples were scored
lower due to colour alteration observed compared with the
control samples (slight cooked appearance). A slight change
in the colour of the OZ-processed fillets was observed by the
panel while no differences were observed on the colour be-
tween control, and CAP- and PEMF-processed fillets. These
findings were in accordance with the results obtained for chro-
matic parameters, as presented above. Similarly to our results,
Kovačević et al. [20] and Xu et al. [37] observed a slight
change in the total colour difference after CAP treatment of

pomegranate and orange juice, respectively, which was not
perceptible by the naked eye.

The hardness of the HP-processed fillets was increased
compared with control samples with the ΟZ-processed ones
to follow. No significant differences (p > 0.05) were observed
on the hardness of the control and the CAP-processed sea
bream fillets, while PEMF processing resulted in reduction
of the hardness of the fillets, as perceived by the sensory panel,
in accordance with the results obtained for hardness parameter
evaluated instrumentally. Concerning the intensity of the
odour of the fish fillets, CAP processing led to a significant
decrease of the intensity of the fishy odour compared with
control and all other technologies studied. This phenomenon
which was evaluated positively by the sensory panel may be
due to partial decomposition of trimethylamine which is main-
ly responsible for the fish odour. It has been demonstrated that
plasmas are able to decompose volatile organic compounds
(VOCs) such as aldehydes, fatty acids, alkanes, formic acid,
amines, esters or thiols [7, 16, 17, 24, 26]. A slight decrease of
the intensity of the fishy odour was also observed for the ΟZ-
processed fillets.

The Effect of Nonthermal Processing on the Shelf Life
of the Sea Bream Fillets

The effect of the applied processing technology and storage time
on TVC, Pseudomonas spp., LAB and Enterobacteriaceae of
the sea bream fillets during storage at 4 °C, is shown in Fig. 2a,
b, c, and d.

For the modelling of the microbial growth, the Baranyi
growth model [5] was used. In Table 3, the estimated growth
constant rates of TVC, Pseudomonas spp., Enterobacteriaceae
and LAB of the unprocessed and nonthermal-processed sea
bream fillets, are presented.

Based on the results, during storage of the sea bream fillets
at 4 °C, the dominant microorganisms were Pseudomonas
spp. For all the studied microorganisms, the HP-processed
sea bream fillets had lower initial loads and also lower growth
rates, resulting in slower quality degradation. The growth con-
stant rates of TVC of the sea bream fillets seemed to be af-
fected by the applied nonthermal technology and were de-
creased to 0.406, 0.381, 0.377 and 0.367 day−1 for PEMF-,
OZ-, CAP- and HP-processed fillets, respectively, compared
with 0.478 day−1 for control samples. In all the studied sam-
ples, LAB showed slight increase during storage at 4 °C,
reaching in 10 days logCFU/g values equal to 3.86 ± 0.04,
1.92 ± 0.03, 3.31 ± 0.05, 3.63 ± 0.09 and 3.38 ± 0.02 for
control, and HP-, CAP-, OZ- and PEMF-processed samples,
respectively.

In Table 4, the effect of storage at 4 °C on the colour
change (ΔΕ), hardness (N) and TBAR value (mg MDA/kg)
of the unprocessed (control) and nonthermal-processed sea
bream fillets, is presented. Storage at 4 °C appeared to have
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a significant effect on the colour (ΔE value) of the sea bream
fillets for periods longer than 4 days (p < 0.05). Although HP-
treated fillets exhibited the highest colour change after pro-
cessing compared with the untreated ones, during storage they
retained their colour more than the other fish fillets. The
highest ΔΕ values were observed for control; nevertheless
based on statistical analysis, no significant differences were
observed in the colour change of the control, and CAP- and
ΟZ-processed fillets throughout storage.

Concerning the effect of the storage on the hardness of the
nonthermal treated and untreated fish fillets, a decrease was
observed for all samples. No significant differences were ob-
served in the reduction of hardness when storing CAP- and
OZ-processed fish fillets. The highest decrease in hardness
was observed for control and PEMF-treated fillets with no
statistically significant differences.

Storage at 4 °C seemed to significantly affect TBAR value
for storage times over 1 day for all the samples (p < 0.05).

Fig. 2 The effect of storage time (days) at 4 °C on the (a) total viable
count (TVC), (b) Pseudomonas spp., (c) Enterobacteriaceae and (d) lac-
tic acid bacteria (LAB) of unprocessed (control) ( ) and

nonthermal-processed sea bream fillets using high pressure (HP)
( ), cold atmospheric plasma (CAP) ( ), ozonation
( ) and pulsed electromagnetic fields (PEMF) ( )

Fig. 1 Sensory score for the
intensity of colour, odour,
hardness and overall acceptance
of unprocessed (control) raw sea
bream fillets and after processing
using high pressure (HP), cold
atmospheric plasma (CAP),
ozonation (OZ) and pulsed elec-
tromagnetic fields (PEMF).
Values with different superscripts
(a, b, c, d) were significantly dif-
ferent as shown by Duncan's
multiple range test. The different
superscripts are referred to each
one of the studied sensory pa-
rameters and evaluated among the
different processing technologies
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CAP-treated fillets showed the highest values of TBARs,
followed by OZ-treated ones. No significant differences were
observed on the increase of TBAR value for control and
PEMF-processed fish fillets, while the lowest values appeared
for HP-treated fillets. However, this indicator was not the
dominant factor for the degradation of food quality.

Sensory scorings (odour, texture, colour, overall impression)
were modelled with apparent zero order equations (R2 ranging
from 0.9982 to 0.9993), considering as 9 the scoring at time zero.
The constant rates of the overall impression scores during storage
at 4 °C for the control, and HP-, CAP-, OZ- and PEMF-processed
fillets were estimated as 0.793 ± 0.012, 0.432 ± 0.024, 0.531 ±
0.016, 0.648 ± 0.021 and 0.667 ± 0.016, respectively.

A sensory score of 5 was taken as the average score for
minimum acceptability of the sea bream fillets. For all the fish

fillets, the time of sensory rejection coincided with TVC load
of 7.5 logCFU/g. The shelf life of the sea bream fillets at 4 °C
was determined by sensory evaluation as 5, 9, 7.5, 6 and 6
days for control, and HP-, CAP-, OZ- and PEMF-processed
fish fillets, respectively (Fig. 3), without including the 1 day
the fillets were stored at 0 °C, prior their processing.

Conclusions

A comparison of four nonthermal technologies for processing
of fish fillets was conducted targeting reduction of their micro-
bial loads without affecting their sensory characteristics. High-
pressure (HP) processing appeared to be more effective in mi-
crobial inactivation after treatment (64.1%) and during storage

Table 4 The effect of storage at 4 °C on the colour change (ΔΕ),
hardness (N) and TBAR value (mg MDA/kg) of the unprocessed
(control) and nonthermal-processed sea bream fillets using high pressure

(HP), cold atmospheric plasma (CAP), ozonation (OZ) and pulsed elec-
tromagnetic fields (PEMF) (mean values ± standard deviation)

Processing technology Storage time (days)

0 1 4 7 10 15

ΔΕ Control 0.00 ± 0.00F* 0.69 ± 0.11Ea 1.45 ± 0.27Dab 2.67 ± 0.27Cab 4.13 ± 0.33Ba 6.70 ± 0.17Aa

HP 0.00 ± 0.00E 0.72 ± 0.23Da 1.58 ± 0.22Ca 2.07 ± 0.21BCb 2.46 ± 0.35ABb 2.97 ± 0.57Ac

CAP 0.00 ± 0.00F 0.76 ± 0.39Ea 1.73 ± 0.32Da 2.65 ± 0.37Cab 3.85 ± 0.39Ba 6.02 ± 0.47Aab

OZ 0.00 ± 0.00E 0.56 ± 0.15Ea 1.76 ± 0.30Db 3.04 ± 0.46Cb 4.16 ± 0.48Ba 5.67 ± 0.53Ab

PEMF 0.00 ± 0.00E 0.51 ± 0.04DEa 0.96 ± 0.35Da 2.21 ± 0.33Ca 3.53 ± 0.28Ba 5.69 ± 0.53Ab

Hardness (N) Control 20.13 ± 0.41Ac 20.11 ± 0.67Ac 17.32 ± 2.09Bd 14.16 ± 1.09Cd 11.82 ± 0.30De 11.37 ± 0.51De

HP 37.59 ± 0.26Aa 37.28 ± 0.91ABa 37.69 ± 0.38Aa 37.60 ± 0.44Aa 36.93 ± 0.08ABa 36.58 ± 0.25Ba

CAP 20.62 ± 0.56Bc 20.72 ± 0.76Bc 22.08 ± 0.20Ac 20.49 ± 0.73Bb 20.47 ± 0.28Bb 18.02 ± 0.41Cb

OZ 29.84 ± 0.68Ab 29.43 ± 1.70Ab 25.25 ± 0.70Bb 20.05 ± 0.92BCb 17.71 ± 0.63Cc 17.10 ± 0.17Cc

PEMF 17.20 ± 0.36Ad 17.14 ± 0.36Ad 17.10 ± 0.12Ad 15.90 ± 0.04Bc 14.73 ± 0.42Cd 13.51 ± 0.37Dd

TBARs
(mg MDA/kg)

Control 0.37 ± 0.04Fc 0.51 ± 0.04Ec 0.95 ± 0.05Dc 1.28 ± 0.07Cd 1.66 ± 0.08Bd 2.03 ± 0.07Ac

HP 0.37 ± 0.05Ec 0.40 ± 0.05Ed 0.59 ± 0.05Dd 0.86 ± 0.07Ce 1.09 ± 0.07Be 1.33 ± 0.08Ae

CAP 0.71 ± 0.06Fa 1.08 ± 0.05Ea 1.88 ± 0.06Da 2.28 ± 0.07Ca 2.78 ± 0.08Ba 3.14 ± 0.08Aa

OZ 0.51 ± 0.03Fb 0.77 ± 0.06Eb 1.40 ± 0.05Db 1.87 ± 0.07Cb 2.31 ± 0.07Bb 2.68 ± 0.08Ab

PEMF 0.37 ± 0.05Fc 0.56 ± 0.05Ec 0.99 ± 0.05Dc 1.40 ± 0.07Cc 1.88 ± 0.08Bc 2.45 ± 0.08Ac

*Values with different superscripts (a, b, c, d, e, f) were significantly different as shown by Duncan's multiple range test. The different superscripts are
referred and evaluated to each one of the studied quality index. Letters in capital indicate differences among data in a row (storage time) while small
letters indicate the differences among data in a column (processing technology)

Table 3 Constant rates k (day−1) of the growth of the total viable count
(TVC), Pseudomonas spp., Enterobacteriaceae and lactic acid bacteria
(LAB) in unprocessed and nonthermal-processed sea bream fillets using

high pressure (HP), cold atmospheric plasma (CAP), ozonation (OZ) and
pulsed electromagnetic fields (PEMF), stored at 4 °C (mean value ±
standard error)

Processing technology TVC Pseudomonas spp. Enterobacteriaceae LAB

Control 0.478 ± 0.015 0.383 ± 0.022 0.377 ± 0.040 0.396 ± 0.014

HP 0.367 ± 0.020 0.332 ± 0.017 0.234 ± 0.025 0.189 ± 0.011

CAP 0.377 ± 0.020 0.352 ± 0.020 0.343 ± 0.020 0.231 ± 0.020

OZ 0.381 ± 0.014 0.357 ± 0.020 0.351 ± 0.030 0.362 ± 0.013

PEMF 0.406 ± 0.012 0.354 ± 0.029 0.229 ± 0.011 0.209 ± 0.015
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at 4 °C. For HP samples, the lipid oxidation (TBAR value) rate
was lower during storage, compared with all other samples. The
colour and hardness of the HP-processed sea bream fillets were
retained compared with all other samples during storage.
However, an effect on colour and texture of the fish fillets
was observed immediately after HP processing (appearance of
slightly cooked product) compared with the other treatments.
CAP processing reduced the microbial load to a satisfactory
degree of 18.5%. A slight increase in the brightness of the fish
fillets was instrumentally observed, while a decreased intense
of the fish odour was sensory perceived.

The application of ozonation and PEMF appeared to be less
effective in reducing the microbial load, compared with HP
and CAP processes. PEMF processing led to a slight effect on
the instrumentally measured colour of the fillets which was
not perceived during sensory evaluation and to a reduced
hardness of the fish flesh after processing and during storage
compared with all the other samples.

Sea bream fillets’ shelf life was determined based on a sen-
sory acceptance score of 5 which coincided with a TVC load of
7.5 logCFU/g. Treatment of sea bream fillets with nonthermal
technologies resulted in shelf-life extension by 4, 2.5, 1 and
1 day after treatment with HP, CAP, OZ, and PEMF, respec-
tively, for the selected process conditions. A more detailed op-
timisation will follow for each technology by a second detailed
comparison in the future. However, the first trend advantages
and disadvantages of each technology have been revealed and
presented for further uptake by the community.
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