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ABSTRACT

Fish and seafood are highly perishable products that rapidly lose quality because of microbial activity,
enzymatic reactions, and lipid oxidation. Although conventional preservation methods help extend shelf
life, they may negatively affect the nutritional, sensory, and physical properties of seafood. This review
examines five emerging non-thermal technologies high-pressure processing (HPP), pulsed electric
fields (PEF), cold plasma, ultrasound, and ozone for improving the safety, quality, and shelf life of fish
and seafood. Their working principles, preservation effects, applications, benefits, and limitations are
discussed. These technologies show considerable potential for maintaining fresh-like quality while min-
imising heat-related damage. However, challenges related to cost, process optimisation, scale-up, oxida-
tion, and regulatory approval still need to be addressed. Future research should emphasise integrated ap-
proaches combining non-thermal technologies with refrigeration, smart packaging, and effective cold-
chain management for sustainable and practical seafood preservation.

Keywords: Fish and seafood, Non-thermal preservation, HPP, PEF, Cold plasma, Ultrasound, Ozone,
Shelf life

Introduction

Fish and seafood are important parts of the global food system because they contribute to food security, hu-
man nutrition, employment, and economic development. Fisheries and aquaculture support a wide range of
activities, including harvesting, farming, processing, transportation, distribution, and marketing. These activ-
ities provide income and employment to millions of people around the world (Farmery et al., 2021; Mohanty
et al., 2019) [1- 2, Fish and seafood are considered highly nutritious foods because they provide high-quality
protein and essential amino acids. They are also important sources of long-chain omega-3 fatty acids, partic-
ularly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), along with several vitamins and min-
erals. Because of this nutrient-rich composition, fish can play an important role in maintaining human health
and improving nutritional security (Mohanty ez al., 2019) [2]. Fisheries and aquaculture contribute to the
seafood industry through several stages, from harvesting and farming to processing, preservation, transporta-
tion, and marketing. Therefore, aquaculture is becoming an increasingly important source of seafood for
meeting future food and nutritional needs (Béné et al., 2024).

Why does fish deteriorate rapidly?

Fish deteriorates quickly after death because its muscle contains a high amount of moisture and nutrients,
while its water activity provides favourable conditions for microbial growth and biochemical reactions.
Three major processes are mainly responsible for quality deterioration: microbial activity, enzymatic degra-
dation, and chemical oxidation (Nie et al., 2022) B1.

e Microbial deterioration: Microorganisms grow during storage and produce various metabolites that
can cause unpleasant odours and flavours, slime formation, discolouration, and other signs of spoilage.
¢ Chemical deterioration: Oxidation of the polyunsaturated fatty acids present in fish can produce un-
desirable compounds responsible for rancid flavours. These reactions may also affect the colour, tex-
ture, and nutritional quality of the product.

¢ Enzymatic deterioration: Naturally occurring enzymes in fish muscle continue to act after death and
break down proteins and lipids. This can lead to muscle softening, drip loss, and a gradual decline in

freshness (Nie et al., 2022; Speranza et al., 2021) [3.4],
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Limitations of conventional preservation

Traditional preservation methods such as chilling, freezing, salting,
drying, smoking, and heat processing have been widely used to slow
deterioration and extend the shelf life of fish products. For example,
freezing can result in ice-crystal formation, which may damage mus-
cle structure and cause protein denaturation, drip loss, and changes in
texture after thawing (Speranza et al., 2021; Kato et al., 2022) [4],

Why emerging technologies?

The increasing demand for seafood that is safe, nutritious, minimally
processed and similar to fresh products has encouraged researchers
and the food industry to explore alternative preservation approaches.
Non-thermal technologies such as high-pressure processing (HPP),
pulsed electric fields (PEF), ultrasound, cold plasma, and pulsed light

https://www.veterinarypaper.com

have attracted considerable attention because they can help reduce
microorganisms and extend shelf life with less exposure to heat.
Nevertheless, factors such as high equipment costs, processing re-
quirements, energy consumption, scale-up, and regulatory approval

can limit their wider commercial application (Speranza et al., 2021)
(4],

Objective of the review

This review examines emerging non-thermal preservation technolo-
gies used for fish and seafood, with particular attention to their work-
ing mechanisms, effects on product quality and safety, sustainability,
industrial applications, current limitations and future prospects.

Conventional vs emerging preservation technologies

Technology Classification Primary objective Key benefit Main constraint Reference
Chilling Conventional, non-  Slow down microbial Simple, practical and Provides only a lim- ~ Zhao ez al. (2019)
thermal growth widely used ited extension of shelf

life
Freezing Conventional, non-  Slow microbial and en- Allows fish products to  Ice-crystal formation = Zhao et al. (2019)

thermal zymatic activity

Emerging, non-
thermal

Reduce pathogenic and
spoilage
microorganisms

High-pressure
processing (HPP)

Inactivate microbial
cells

Pulsed electric
fields (PEF)

Emerging, non-
thermal

Cold plasma Emerging, non- Reduce microorganisms
thermal on product surfaces

Ultrasound Emerging, non- Control microorganisms
thermal and enzyme activity

Ozone Emerging, non- Reduce microbial

thermal contamination

be stored for longer
periods

Can retain many charac-

can damage muscle
structure and affect
texture

Requires expensive, Rathod et al. (2022)

teristics of fresh products high-pressure

equipment
Rapid treatment with lim- Mainly suitable for Rathod et al. (2022)
ited heat generation liquid or pumpable

food products

Effective surface
decontamination

Can improve mass trans-
fer and support process-
ing efficiency
Decomposes without
leaving persistent chemi-
cal residues

Reactive species may  Kulawik ef al. (2023)
promote oxidation un-
der certain conditions
Effectiveness may de-
crease when treatment

penetration is limited

Zhao et al. (2019)

Excessive exposure Zhao et al. (2019)
may cause undesirable

oxidation

High-pressure processing (HPP)

Principle

HPP is a non-thermal preservation method in which seafood is treated
with high hydrostatic pressure using water as the pressure medium. It
helps reduce microorganisms while retaining nutritional and sensory
quality. Typical pressures are 400-600 MPa for microbial inactivation
and 200-350 MPa for shellfish shucking (Roobab et al., 2022) [31,

Mechanism

High pressure damages microbial cell membranes, proteins and en-
zymes, disturbing essential cellular functions and causing microbial
inactivation. Its effectiveness depends on pressure, time, temperature
and microorganism type (Roobab ez al., 2022) [51.

Processing Parameters

HPP generally operates at about 100-600 MPa, with treatment times
ranging from seconds to several minutes. Pressure, holding time, tem-
perature, seafood composition and initial microbial load influence its
effectiveness (Oliveira et al., 2017) [0].

Effects on Fish Quality

HPP can improve microbial quality and shelf life and reduce spoilage
indicators such as TVB-N and TMA-N. However, excessive pressure
may cause protein denaturation, whitening, increased hardness, lipid
oxidation and reduced water-holding capacity (Kumar et al., 2019;
Oliveira et al., 2017; Aubourg, 2018) [8, 6. 71,
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Applications in Seafood

HPP is used or investigated for fish fillets, shrimp, salmon, tuna, oys-
ters, lobster, crab, mussels, clams and scallops. It is particularly useful
for shellfish shucking, meat recovery and ready-to-eat seafood preser-
vation (Roobab et al., 2022) 31,

Pulsed electric field (PEF)

Principle and Mechanism

Pulsed electric field (PEF) is a promising non-thermal processing
technique in which food is exposed to short, high-voltage electrical
pulses between two electrodes. At an appropriate treatment intensity,
this damage becomes irreversible, causing leakage of cellular compo-
nents and ultimately microbial inactivation. Because the treatment is
extremely rapid, PEF can achieve microbial reduction while minimis-
ing prolonged heat exposure (Gomez et al., 2019; Peng et al., 2025)
[9,10]

Processing Parameters and Effects on Fish Quality

PEF performance is influenced by several factors, including electric-
field strength, pulse duration, pulse number, frequency, temperature
and electrical conductivity of the product. Increasing field strength
and pulse exposure generally enhances electroporation, whereas con-
ductivity and temperature affect current flow and heat generation. It
may also improve tissue permeability and mass transfer, thereby af-
fecting texture and water-holding capacity. Conversely, excessive
treatment intensity or temperature may cause protein denaturation,
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lipid oxidation and undesirable changes in colour and texture (Peng et
al., 2025) 1101,

Applications, Advantages and Limitations

PEF has been explored for fish preservation, microbial control, ten-
derization, drying, salting, marination, thawing and recovery of valu-
able compounds from fish-processing by-products. Nevertheless, high
equipment costs, uneven electric-field distribution, variations in prod-
uct conductivity, electrode-related issues, temperature development
and difficulties in scaling laboratory systems to industrial production
remain important challenges (Gomez et al., 2019; Tomasevic et al.,
2025) - 11,

Future Directions

Further research should establish species and product-specific pro-
cessing conditions and develop standardized protocols for PEF treat-
ment. Greater attention is also needed toward long-term storage sta-
bility, microbial community changes, protein and lipid oxidation, con-
tinuous-flow systems, energy efficiency and techno-economic feasi-
bility. Integration of PEF with HPP, refrigeration, intelligent process
monitoring and other hurdle technologies, together with industrial
validation and consumer studies, could support its wider application

in seafood processing (Peng et al., 2025; Tomasevic et al., 2025) [10:
11]

Cold plasma

Cold plasma is an emerging non-thermal technology that uses a par-
tially ionized gas containing electrons, ions, reactive radicals and ex-
cited species. It is often described as the fourth state of matter and can
be generated at relatively low bulk temperatures, making it attractive
for processing heat-sensitive foods such as fish and seafood (Misra et
al., 2019) [12],

Types and Reactive Species

Common plasma-generation systems include atmospheric-pressure
plasma, dielectric barrier discharge (DBD), plasma jets and corona
discharge. During plasma generation, reactive oxygen species (ROS),
reactive nitrogen species (RNS), ozone, hydroxyl radicals and other
excited species are formed. These highly reactive compounds play a
central role in the antimicrobial action of plasma (Thirumdas et al.,
2018) [131,

Antimicrobial Mechanism

The antimicrobial action of cold plasma occurs through several simul-
taneous reactions. Reactive species first interact with the microbial
cell membrane, causing membrane oxidation and loss of integrity.
They can subsequently oxidize cellular proteins and enzymes and
damage nucleic acids, eventually preventing normal cellular functions
and causing microbial death. Thus, the overall process can be repre-
sented as

ROS/RNS — membrane disruption — protein and enzyme damage — DNA damage — microbial inactivation

(Gavabhian et al., 2021) [14].

Effects on Fish and Applications

Cold plasma has considerable potential for reducing surface micro-
organisms and extending the refrigerated shelf life of fish. It has been
investigated for surface decontamination, seafood packaging, micro-
bial control and shelf-life extension. However, prolonged or intensive
treatment may also accelerate lipid and protein oxidation and produce
changes in colour, texture and sensory characteristics.

Advantages, Limitations and Future Directions

The technology offers low-temperature processing, short treatment
times, limited water consumption and reduced dependence on chemi-
cal preservatives. Its limitations include shallow penetration, non-uni-
form treatment of irregular fish surfaces, possible oxidative deteriora-
tion and challenges in scaling up treatment systems. Future work
should concentrate on optimizing plasma conditions, controlling oxi-
dation, developing continuous systems, studying plasma packaging
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interactions and evaluating long-term storage performance.
Combining cold plasma with refrigeration, HPP and other hurdle
technologies may further improve its effectiveness (Misra et al.,
2019; Gavahian et al., 2021) [12: 14],

Ultrasound

Principle, Types and Mechanism

Ultrasound (US) is a non-thermal processing approach in which high-
frequency sound waves travel through a medium and produce acous-
tic cavitation. During cavitation, microscopic bubbles form, grow and
rapidly collapse, generating localized pressure, temperature and shear
forces. These physical effects can disrupt microbial cells and increase
tissue permeability. Low-frequency ultrasound generally produces
more intense cavitation, whereas high-frequency treatment tends to
provide milder effects (Yi et al., 2025).

Processing Parameters and Applications

The performance of ultrasound depends mainly on frequency, acous-
tic power, intensity, treatment duration and temperature. In fish and
other aquatic products, ultrasound has been investigated for microbial
decontamination, marination, drying, freezing and thawing, extraction
and enhancement of mass transfer. Appropriate treatment conditions
can improve processing efficiency and modify tissue structure with-
out excessive quality deterioration (Yi et al., 2025).

Effects, Advantages, Limitations and Future Directions
Properly controlled ultrasound can contribute to microbial reduction
and improve mass transfer, texture and processing efficiency.
However, excessive acoustic intensity or prolonged exposure may
damage tissue structure and increase undesirable oxidation. The main
advantages are rapid treatment and improved processing efficiency,
whereas limitations include non-uniform energy distribution, equip-
ment and energy requirements and the absence of universally applica-
ble treatment conditions. Future studies should emphasize process
standardization, industrial scale-up, energy optimization, storage sta-
bility and integration with other preservation methods (Yi et al.,
2025).

Ozone technology

Chemistry, Generation and Antimicrobial Mechanism: Ozone
(O3) is a highly reactive oxidizing agent that can decompose and par-
ticipate in reactions producing reactive oxygen species. It can be gen-
erated through corona discharge, ultraviolet radiation and electro-
chemical processes. Ozone and its reactive products attack microbial
cell membranes and can oxidize cellular proteins, enzymes and nu-
cleic acids, thereby disrupt essential cellular functions and cause mi-
crobial inactivation.

Application and Effects on Fish: In seafood processing, ozone can
be delivered through ozonated water, gaseous ozone, ozonated ice or
slurry ice, and direct surface treatment. Its principal benefit is the re-
duction of microbial contamination, which may contribute to ex-
tended refrigerated shelf life. However, the strong oxidative nature of
ozone presents an important quality concern. A recent systematic re-
view reported reductions in mesophilic and psychrotrophic bacteria in
aquatic products following ozone treatment, although the magnitude
of microbial reduction varied considerably between studies (de
Arruda et al., 2025) 3], Similarly, treatment of Gadus morhua with
gaseous ozone reduced microbial contamination but increased lipid
oxidation with longer exposure (Antos et al., 2025) [16],

Advantages, Limitations and Future directions

Ozone offers rapid antimicrobial action and leaves relatively little
chemical residue, while also allowing treatment through different ap-
plication methods. However, its strong oxidative activity can become
detrimental to fish quality when treatment is excessive. Important re-
search priorities include determining optimum ozone concentration
and exposure time, minimizing lipid and protein oxidation, improving
treatment uniformity, evaluating species-specific responses, develop
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ing ozonated-ice systems and validating the technology at commercial
scale (de Arruda ef al., 2025; Antos et al., 2025) [15- 161,

Comparative analysis of the five technologies

HPP, PEF, cold plasma, ultrasound and ozone operate through differ-
ent preservation mechanisms and vary in treatment intensity and suit-
ability for specific seafood products. Their effectiveness is therefore

https://www.veterinarypaper.com

influenced by the type of seafood and processing conditions, rather
than any single technology being suitable for all applications

(Kulawik ef al., 2023; Rathod et al., 2021; Roobab et al., 2022) [17;
18, 5]

Parameter HPP PEF Cold Plasma Ultrasound Ozone

Microbial reduction High (Roobab et al., High (Alkanan et al., High (Rathod et al., Moderate—High High (Russo et al.,
2022) 2024) 2021) (Sireesha et al., 2022)  2024)

Processing time Minutes (Roobab et Very short (Alkanan  Short (Rathod ef al., Short (Sireesha et al., Short (Russo et al.,
al., 2022) et al.,2024) 2021) 2022) 2024)

Penetration Excellent (Roobab er Limited (Alkanan ez Mainly surface Limited (Sireesha et al., Mainly surface
al., 2022) al., 2024) (Rathod et al., 2021) 2022) (Russo et al., 2024)

Oxidation risk Moderate (Roobab et Low—Moderate Possible (Rathod ez Dose-dependent Dose-dependent
al., 2022) (Alkanan et al., al., 2021) (Sireesha et al., 2022)  (Russo et al., 2024)

2024)

Nutrient retention High (Roobab et al., High (Alkanan et al., Generally high High (Sireesha et al., Generally high
2022) 2024) (Rathod et al., 2021) 2022) (Russo et al., 2024)

Industrial scalability High (Roobab ef al., Moderate (Alkanan  Emerging (Rathod ez Moderate (Sireesha e#  Moderate (Russo et
2022) etal., 2024) al., 2021) al., 2022) al., 2024)

Combination / hurdle technologies

Hurdle technology means using two or more preservation methods to-
gether to control microbial growth and slow down quality deteriora-
tion. Instead of depending on one intense treatment, several mild
treatments can work together to improve the shelf life and quality of

fish and seafood products (Abel et al., 2022; Rathod et al., 2021) [19:
18]

Combination  Application/benefit

HPP + HPP reduces microorganisms, while refrigeration

Refrigeration  helps control their growth during storage (Roobab
etal., 2022).

HPP + Natural Pressure treatment together with natural antimicro-

Preservatives  bial compounds can provide better microbial
protection.

PEF + Mild PEF affects microbial cell membranes, while mild

Heat heat further improves microbial inactivation (Abel

etal., 2022).

Plasma helps reduce microorganisms on the prod-
uct surface, while packaging protects the product
from further contamination.

Cold Plasma +
Packaging

Ultrasound +
Ozone

The two treatments can work through different an-
timicrobial mechanisms and improve microbial
reduction.

Ultrasound +
HPP

Combining ultrasound and pressure treatment may
improve microbial control without requiring se-
vere processing conditions.

Cold Plasma +
MAP

Cold plasma reduces surface contamination, while
modified-atmosphere packaging helps slow micro-
bial growth during storage.

Effects on fish quality

The quality of fish treated with non-thermal technologies is influ-
enced by microbial, chemical, nutritional and sensory changes. These
treatments can help reduce spoilage and pathogenic microorganisms,
but their effectiveness varies with processing conditions, fish species
and storage. Freshness is commonly assessed using TVB-N, TMA-N,
pH and K-value, while peroxide value and TBARS are useful indica-
tors of lipid oxidation. Protein quality may also change during pro-

cessing. This is especially important in fatty fish, as EPA and DHA
are prone to oxidation, which can affect both flavour and nutritional
value (Ekonomou & Boziaris, 2021; Rathod et al., 2022; Kaur et al.,
2018) [20. 18],

Food Safety: Preservation and food safety should be assessed sepa-
rately. Non-thermal technologies can reduce important seafood haz-
ards such as Listeria monocytogenes, Salmonella, Vibrio spp.,
Staphylococcus aureus and Clostridium spp., as well as some para-
sites where relevant. However, microbial reduction does not necessar-
ily mean complete food safety. Their effectiveness depends on organ-
ism resistance, food composition and treatment conditions. Therefore,
validated processing, good hygiene, HACCP and appropriate cold-
chain management remain essential (Ekonomou ez al., 2021; EFSA,
2022) [20.21],

Sustainability and Environmental Perspective

The sustainability of these technologies should be evaluated through
energy and water consumption, chemical use, waste generation, car-
bon footprint, equipment lifetime and resource efficiency. Ozone and
plasma may reduce the need for certain chemical treatments, while
HPP and other non-thermal methods may reduce dependence on in-
tensive thermal processing. Life Cycle Assessment (LCA) can there-
fore provide a more complete comparison from processing to storage
and distribution (Hospido et al., 2021) [22],

Economic and Industrial Feasibility

Commercial implementation depends on capital and operating costs,
energy consumption, throughput, maintenance, skilled manpower,
processing capacity and scale-up requirements. High equipment costs
and process uniformity remain important challenges for some tech-
nologies. Particular attention should be given to whether these sys-
tems can be adapted to small- and medium-scale fish-processing en-
terprises through modular equipment, shared facilities and integration
with existing chilling and packaging systems (Arumugam et al.,
2026) [231,

Regulatory and Commercial Considerations

Commercial application requires food-safety validation, regulatory
compliance, processing standards, appropriate labelling and consumer
acceptance. Regulatory requirements differ among countries and
therefore should be considered according to the intended market.
Consumer familiarity, perceived safety, product quality and trust can
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influence acceptance of non-thermal processing technologies (EFSA,
2022; Melios et al., 2025) [21:24],

Research gaps

Major research gaps include laboratory-scale dominance, limited
long-term storage studies, inconsistent processing parameters, insuffi-
cient studies on combined technologies, limited economic and LCA
assessments, inadequate information on tropical fish species, limited
commercial cold-chain validation and insufficient consumer-accep-
tance studies. More studies are also required to evaluate microbial,
chemical, nutritional and sensory quality together rather than sepa-
rately (Rathod et al., 2022; Arumugam et al., 2026) [18:23],

Future research direction

Future seafood preservation should move towards integrated and
data-driven systems: Fish landing — Rapid quality assessment —
Selection of HPP/PEF/Plasma/Ultrasound/Ozone — Smart packaging
— Cold-chain monitoring — Real-time quality prediction —
Consumer. Combining non-thermal technologies with smart packag-
ing, sensors, predictive modelling, artificial intelligence and cold-
chain monitoring could improve quality control and process optimiza-
tion. Hurdle combinations should also be investigated to achieve mi-
crobial safety with minimum quality loss, energy use and processing
cost.

Conclusion

HPP, PEF, cold plasma, ultrasound and ozone offer promising ap-
proaches for extending fish shelf life while maintaining quality.
However, their performance remains dependent on species, product
characteristics, treatment parameters and storage conditions. Future
research should therefore shift from laboratory demonstrations to-
wards validated, economically feasible and environmentally sustain-
able processing systems that integrate preservation technology, pack-
aging, cold-chain management and real-time quality monitoring.
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