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Abstract
A promising non-thermal method for preserving and enhancing the value of fish and fisheries products is pulsed electric field (PEF) processing. Despite being successful in guaranteeing safety and prolonging shelf life, conventional preservation techniques frequently result in unfavourable changes in sensory qualities, nutritional deterioration, and high energy consumption. By using brief bursts of high-voltage electric pulses that cause electroporation in biological cell membranes and produce microbial inactivation and improved mass transfer with little thermal damage, PEF technology overcomes majority of these limitations. With a focus on applications in fish and fisheries products, this review critically examines the fundamentals and mechanisms of PEF processing, important process parameters, equipment considerations, benefits, and limitations. Highlighted are the functions of PEF in texture modification, drying, salting, marinating, and the extraction of valuable bioactive compounds from fish byproducts. Furthermore, the synergistic effects of combining PEF with other cutting-edge technologies like cold plasma, enzymatic hydrolysis, high-pressure processing, ultrasound, and accelerated solvent extraction are investigated. Additionally examined is the effect of PEF on physicochemical characteristics, such as protein structure, lipid stability, pigment retention, moisture distribution, and nutritional quality. Lastly, PEF's industrial potential and sustainability aspects are examined, with a focus on how it contributes to environmentally friendly seafood processing, energy efficiency, and by-product valorization. All things considered, PEF is a workable green processing method for creating sustainable, safe, and high-quality fish products.
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1. Introduction	
One of the most significant sources of essential fatty acids, vitamins, minerals, and high-quality animal protein for people around the globe is seafood. However, because of their high moisture content, neutral pH, abundance of unsaturated lipids, and the presence of spoilage microorganisms and endogenous enzymes, fish and fisheries products are among the most perishable food commodities (Badoni et al., 2021). To guarantee safety and increase shelf life, conventional preservation methods like chilling, freezing, drying, salting, smoking, and thermal processing are frequently used (Rabiepour et al., 2024). Despite their effectiveness, these techniques are frequently linked to unfavourable changes in sensory quality, nutritional losses, excessive energy consumption, and decreased consumer acceptance because of the impression of overprocessing (Gavahian, 2024).
The food industry is becoming more interested in new non-thermal technologies in response to consumer demand for minimally processed, fresh-like, and safe seafood products (Arumugam et al., 2025). Among these, Pulsed Electric Field (PEF) processing has drawn a lot of interest as a promising green technology that can maintain nutritional and sensory qualities while enhancing safety and quality. By applying brief bursts of high voltage electric pulses to food materials positioned between electrodes, PEF causes biological cell membranes to electroporate (Khojasteh et al., 2025).
PEF was first created for liquid foods like fruit juices, but it has since progressively spread to applications involving solid and semi-solid matrices, such as fish and meat. PEF is especially important for microbial inactivation, texture modification, improving mass transfer processes, extracting high-value bioactive compounds, and valuing processing byproducts in fish processing (Gao et al., 2025). PEF reduces heat-induced deterioration of proteins, lipids, pigments, and flavour compounds by operating at temperatures close to room temperature when compared to traditional thermal methods (Khalid et al., 2023). The principle, mechanism, benefits, drawbacks, and main uses of PEF in fish and fisheries products are covered in this article, with a focus on sustainable fish resource use, quality improvement, and preservation.
2. Principle and Mechanism of Pulsed Electric Field Processing
2.1 Basic Working Principle
Electric Pulsed Food materials are subjected to brief, high-voltage electrical pulses for microsecond to millisecond durations (Takaki et al., 2021). These pulses usually range from a few hundred volts per centimetre to several tens of kilovolts per centimetre. A pulse generator (Fig. 1) produces controlled electric pulses in accordance with predetermined processing parameters while the food material is placed between two electrodes inside a treatment chamber (Mohamed and Eissa, 2012).
The applied voltage and the distance between the electrodes determine the intensity of the electric field (Kasri et al., 2021). PEF treatments, in contrast to thermal processing, are intended to reduce temperature rise, protecting heat-sensitive components. Although some ohmic heating may occur depending on product conductivity and processing conditions, the main effect of PEF is electrical rather than thermal (Ghoshal, 2023).
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Fig. 1 Working Principle of PEF
2.2 Electroporation Mechanism
Electroporation is the principle behind PEF technology. As a result of a sufficient level of an external electric field, a transmembrane potential is generated in cells (Saulis, 2010). As this potential crosses a certain threshold, changes occur within the lipid bilayer, creating aqueous pores. 
Electroporation may be further distinguished into reversible or irreversible electroporation (Martinez et al., 2020). In the case of reversible electroporation, the pores reseal after the electric field has been turned off; temporary enhancement of permeability is possible without permanent damage to the cells. Whereas in irreversible electroporation, the formation of the pores is so extensive that they are permanent, inducing loss of membrane integrity, intracellular component leakage, and ultimate cell death (Weaver and Chizmadzhev, 2018). The type of electroporation depends on electric field strength, pulse duration, number of pulses, temperature, and biological features of the cells (Weaver et al., 2012).
Electroporation in fish tissues affects muscle cells, connective tissues, and microbial cells present on the surface or within the product. This phenomenon is responsible for microbial inactivation, enhanced mass transfer, and the modification of tissue structure (Saulis, 2010).
2.3 Process Parameters Influencing PEF Treatment
Parameters that influence the efficiency of PEF processing include (Fig. 2):
Electric field strength (kV/cm): Stronger electric field strength values will enhance the permeabilization and microbial inactivation effect but may also accentuate heating (Chudasama et al., 2025).
Pulse duration and number of pulses: The more frequent the pulses, the more intense the treatment (Mohamed and Eissa, 2012).
Pulse waveform: The presence of square, exponential decay, bipolar, and oscillatory pulses affects energy distribution and electroporation efficacy (Carullo et al., 2020).
Treatment time and specific energy input: These factors are related to the process severity (Fauster et al., 2018).
Product properties: The electrical conductivity of the material, temperature, composition, and structure of the fish tissue are considered to influence the efficacy (Gómez et al., 2019).
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Fig. 2. Process parameters influencing PEF treatment
2.4 Equipment and Safety Considerations
In a conventional PEF system, there are several components, such as a high voltage power supply, pulse generator, capacitor bank, switching device, treatment chamber containing the electrodes, and a monitoring and control unit (Töpfl, 2006). Electrode materials and the design of the treatment chambers significantly affect field distribution to reduce electrolysis or corrosion.
Although PEF technology is regarded as safe, there exist challenges such as dielectric breakdown, localized heating, and metal migration that may be caused by electrodes (Abdollahnejad, 2025). Optimal design of the system is necessary to guarantee product quality and food safety.
3. Advantages and Limitations of PEF in Food Processing
3.1 Advantages
It has several benefits over the normal processing techniques (Mahnič-Kalamiza et al., 2014; Chauhan and Unni, 2015; Gómez et al., 2019):
Non-thermal microbial inactivation: Inactivation of microorganisms of spoilage and pathogenic nature without the need to heat extensively.
Retention of nutritional quality: This includes retention of proteins, omega-3 fatty acids, vitamins, and other biological compounds.
Minimal sensory differences: Enhanced natural color, texture, and flavor of fish products.
Increased mass transfer: Greater diffusion of salt, water, and solutes because of the cell membrane permeabilization.
Energy efficiency and sustainability: Reduced energy and water usage compared to conventional methods.
3.2 Limitations
Although PEF technology is vastly beneficial, there may be certain limitations with PEF (Barba et al., 2015; Chauhan and Unni, 2015; Gómez et al., 2019):
High capital investment: The initial investment cost of equipment is comparatively higher.
Lack of effectiveness against spores and some enzymes: PEF treatment might not be effective in inactivating resistant microbes.
Problems associated with solid foods: It is comparatively harder to handle whole fish or thick fillets compared to liquids.
Scale-up and standardization issues: There are issues related to scale-up and standardization for industrial implementation.
4. Applications of PEF in Fish and Fishery Products
4.1 Fish Preservation and Shelf‑Life Extension
PEF has also been researched as a method for fish preservation to increase the shelf life of fresh and lightly processed fish (Gómez et al., 2019). PEF was found to reduce the microorganisms that cause fish spoilage by creating an irreversible electroporation in microorganisms, thus lowering the microorganism counts (Speranza et al., 2021). There has been a reduction in the total viable counts of bacteria found in fish fillets and shrimp (Ekonomou and Boziaris, 2021). Apart from microbial inactivation, PEF also affects enzymatic processes involved in autolysis and deterioration of product characteristics (Abelbaeviсh et al., 2024). When used in conjunction with refrigeration or Modified Atmosphere Packaging, PEF-treated fish products show reduced spoilage, lower odour of off-characteristics, and better micro biological stability (Gómez et al., 2019).
4.2 Texture Modification and Tenderization
Texture is a very important quality attribute which contributes to the acceptance or acceptance/rejection of fish products by the consumer. PEF processing can alter the fish muscle tissue by affecting the cell membrane and the connective tissue (Gómez et al., 2019). This results in increased water mobility inside the cells and reduced muscle fibres (Franco et al., 2020). When compared to mechanical tenderization, the use of PEF is a non-contact and more uniform process which may lead to faster processing and lower energy consumption (Alvarez-Cisneros et al., 2025). This technology is very applicable for value addition in tough and low-value fish species.
4.3 Enhancement of Drying, Salting, and Marination Processes
Mass transfer techniques such as drying, salting, and marination are also employed extensively in the preservation and creation of fishery products. PEF-assisted treatment increases the permeability of fish tissues, which helps to facilitate faster diffusion of salt and other solutes (Ayyasamy et al., 2025). Hence, there have been reductions in the time taken for curing and marination in addition to realizing equal distribution of additives. Water extraction efficiency in assisted drying through PEF was found to improve, and there was a reduction in energy consumption while retaining product quality (Llavata et al., 2024).
4.4 Extraction of Bioactive Compounds and by‑Product Valorization
Fish processing yields a considerable amount of by products such as fish heads, skins, visceral portions, and bones that contain a high level of proteins, peptides, collagen, lipids, and antioxidants (Benjakul et al, 2019). PEF treatment has emerged as a promising step for the improved extraction of the aforementioned valuable compounds. By increasing cell permeability, the process enables solvents to better access intracellular substances, leading to increased extraction efficiencies. Protein extraction efficiency up to 80%, with increased antioxidant activity, has been attainable for rainbow trout and sole by-products using the technology (Wang et al., 2021). Shifts in protein molecular weights, evident in electrophoretic studies, suggest the impact of the technology on protein structure or activity. In contrast to traditional extraction techniques and other novel technologies such as ultrasonication or accelerated solvent extraction, PEF provides a gentler and more sustainable process option for by product valorization (Velusamy et al., 2023).
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Fig. 3. Applications of PEF in Fish and Fishery Products

4.5 Combination of PEF with Other Technologies
PEF technology as a standalone processing technology has shown immense potential in fish and fishery product processing; however, the full industrial impact of this technology will be realized when PEF is combined with other fish and seafood processing and preservation technologies (Russo et al., 2024). Synergistic combination or hurdle-based strategies are preferred in modern food-processing methodologies due to the ability of multiple modes of action operating at low intensities. Hybrid PEF systems have been one strategic way to improve safety, efficiency in processing, and resource utilisation in a sustainable manner for seafood products, where retention of quality plays a very important role (Getahun et al., 2025).
4.5.1 PEF Combined with Accelerated Solvent Extraction (ASE)
The Accelerated Solvent Extraction method is commonly utilized for the recovery of valuable compounds from food matrices, typically conducted at high temperature and high pressure (Ameer et al., 2017). When integrated with PEF treatment, there is a possibility of improved efficiency of the Accelerated Solvent Extraction method. Electroporation, a biological process induced by PEF, causes damage to the cell membranes of fish tissues and by-products, resulting in improved penetration of solvents, hence higher yields of proteins, lipids, antioxidants, and other beneficial compounds (Ayyasamy et al., 2025). In fish processing, the relevance for the combined process appears in the valorization of fish by-products like skin, head, and viscera. The PEF treatment has effectively impacted the molecular weight distribution of proteins, and the SDS-PAGE analysis has demonstrated an increased liberation of intracellular proteins and peptides (Chian et al., 2019). On the basis of the improved liberation of functional proteins and increased antioxidant activity, the combined process PEF and ASE perform better than the ASE process alone.
4.5.2 PEF and Enzymatic Hydrolysis
Enzymatic hydrolysis can also be widely found in the seafood industry as a production process for fish protein hydrolysates or bioactive peptides (Ishak and Sarbon, 2018). In some cases, the ability of enzymes to reach their target substrate may hinder the process of hydrolysis. The use of PEF as a technology to combine with enzymes can eliminate this challenge due to increased cell membrane permeability (Töpfl, 2006). PEF treatment before enzymatic hydrolysis has been shown to improve the degree of hydrolysis, reaction time, and functional properties of hydrolysates in terms of solubility, emulsifying activity, and antioxidant capacity. PEF treatment of low-value fish and fish processing wastes can be advantageous in that it would make them suitable for production of high-value functional ingredients at lower production and environmental costs (Ghalamara et al., 2024).
4.5.3 PEF Combined with High-Pressure Processing (HPP)
High-pressure processing is well-established as a non-thermal technology to inactivate microorganisms in seafood products. Application of very high levels of pressure, however, produces fewer desirable changes in product texture and protein structure (Ekonomou and Boziaris, 2021). As a pretreatment, PEF increases the susceptibility of microorganisms to pressure, enabling effective inactivation at reduced pressure intensities. The combination of PEF and HPP synergistically enhances microbial safety without compromising the natural texture, color, and nutritional qualities of fish products (Gómez et al., 2019). Electroporation is responsible for the disruption of microbial cell membranes induced by PEF, while pressure further compromises cellular integrity and enzyme activity. This combination looks very promising, especially for ready-to-eat products from fish and minimally processed seafood, where very strict safety standards have to be met without loss in sensory quality.
4.5.4 PEF and Ultrasound-Assisted Processing
The processing of ultrasound utilizes acoustic cavitation to create physical and chemical phenomena that improve mass transfer and tissue disruption (Ekonomou and Boziaris, 2021). The pre-induced membrane permeabilization synergistically benefits ultrasound processing with PEF, achieving more efficient processing results. Fish processing using the combination of PEF and ultrasound has been investigated for its applications in marination, drying, extraction, and enzyme hydrolysis. This combined strategy promotes faster diffusion of salt, minimizes marination times, and optimizes uniform treatment distribution (Sireesha et al., 22). In the context of extraction procedures, the synergistic action of electroporation and cavitation increases the overall production of proteins and value-added bio-compounds with the retention of bio-integrity (Gómez et al., 2019). Furthermore, the use of the PEF-ultrasound device also supports energy conservation and accelerated processing, in coherence with the sustainable processing goal (Grillo et al., 2022).
4.5.5 PEF Combined with Cold Plasma and Refrigeration
The cold plasma technology has been found useful for the surface decontamination of fish products by the generation of reactive species; however, the penetration depth is a limitation for the solo process (Katsigiannis et al., 2022). PEF pre-treatment can increase the susceptibility of bacterial cells to plasma-mediated oxidative stress, which improves the efficiency. Using cold plasma-PEF technology together with cold storage or modified atmosphere packaging (MAP) can provide longer shelf life and improved safety for fresh fish products (Rathod et al., 2022). 
In any event, the integration of PEF technology and other approaches offers a considerable improvement over current technologies in seafood processing, and it can be applied to various applications due to economic and practical considerations. The comparison of PEF with the non-thermal processing technologies, when applied individually, if given in Figure 4
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Fig. 4. Radar chart showing a qualitative comparison of non-thermal processing technologies (PEF, HPP, ultrasound, and cold plasma) used in fish processing, based on processing severity, thermal effects, energy demand, quality impact, microbial inactivation, scalability, and industrial adoption.
Note: Values represent qualitative comparisons (Low = 1, Moderate = 2, High = 3) derived from reported literature trends rather than absolute quantitative measurements.
5. Effect of PEF on Physicochemical and Nutritional Properties
5.1 Influence on Protein Structure and Functionality
The role of proteins in the functional and nutritional characteristics of fish products is highly important. The action of PEF on proteins is secondary and takes place through the mechanism of electroporation (Töpfl, 2006). At a moderate processing level, PEF does not cause the denaturation of muscle proteins (Alahakoon et al., 2017). This means that the proteins retain their solubility. However, higher electric field strength and energy inputs can cause some unfolding and aggregation of proteins (Malik et al., 2024). Protein profiles, as evidenced by the results of SDS-PAGE analysis, show changes in molecular weight distribution, especially in PEF-assisted extraction. Such changes can cause increased release of low-molecular-weight peptides with bioactive properties, which can improve antioxidant and functional properties (Chian et al., 2019).
5.2 Pigment Retention and Color Stability
Color is an important integrity attribute that impacts consumer acceptance of fish products. PEF technology has been found to ensure pigment integrity and avoid degradation due to heat treatment (Giancaterino and Jaeger, 2023). When applied to species that have carotenoid or myoglobin-related pigments, the technology maintains intact and prevents discoloration of natural product color (Joshi et al., 2025). There may be slight variations in the color variables because of moisture or structural variations, although these variations are not as extensive as those that may result from thermal procedures.
5.3 Changes in Moisture Content, pH, and Texture
The effect of electroporation induced by PEF treatment affects the distribution of water in fish tissue, often resulting in improved water-holding capacity (Gómez et al., 2019). This may lead to lower drip loss and higher juiciness in fish fillet meats. The value of pH is normally unaffected or unchanged by the treatment, although slight variations may result from ion movement. Textural changes, such as increased tenderness, are associated with muscle fibre softening and weakening of connective tissue. These are associated with a positive effect on both texture and processing ease (Jeong et al., 2024).
5.4 Retention of Nutritional and Bioactive Compounds
Among the major benefits of PEF technology, there is the preservation of nutritional quality. Vitamins, essential amino acids, and omega-3 fatty acids are mostly preserved because of the low thermal impact of the process (Ali et al., 2022). Moreover, antioxidant compounds recovery is enhanced by PEF assisted extraction, improving the nutritional and functional value of the fish-derived ingredients (Ghalamara et al.,2024).
6. Industrial Potential and Sustainability Aspects
6.1 Environmental Benefits
PEF processing has much in common with the basics of sustainable food processing. It is characterized by a lower energy and water supply compared to traditional thermal methods, resulting in fewer greenhouse gas emissions and lower costs of operation (Landi et al, 2025). Moreover, the technology allows for more raw material efficiency through valorization of by-products.
6.2 Economic Feasibility and Scale-Up Challenges
In spite of these advantages, industrial-scale applications of PEF in the seafood sector will be limited until such time that the initial capital investment can be better justified and large-scale systems that are capable of processing solid foods become more readily available (Ahmed et al., 2025). Issues like electrode design, distribution of uniform electric field, and equipment maintenance have to be resolved for reliable operation. However, it is from experience with meat and juice industries that such challenges can be overcome with technological innovation and optimization of the processes (Ghoshal, 2023). With increasing demand for minimally processed seafood, the economic feasibility for PEF will continue to improve.
Conclusion
A major development in the processing of fish and fisheries products, pulsed electric field technology fits in nicely with the rising demand for sustainable, high-quality, minimally processed seafood. PEF allows for efficient microbial inactivation, improved mass transfer, and structural modification of fish tissues while mainly maintaining nutritional and sensory characteristics by taking advantage of the electroporation mechanism. The technology has shown significant promise in increasing shelf life, enhancing the extraction of valuable bioactive compounds from fish and processing by-products, improving texture, and speeding up drying and curing processes. Additionally, PEF offers synergistic benefits when combined with other mild and non-thermal processing technologies, enabling increased safety and efficiency at lower process intensities. Despite these benefits, widespread adoption is still hampered by issues with large-scale industrial standardization, handling solid and heterogeneous matrices, and high initial investment. Successful commercialization requires ongoing research on equipment design, process optimization, and techno-economic viability. PEF is positioned to become a crucial part of next-generation fish processing systems, helping to improve resource efficiency, lessen environmental impact, and improve product quality, thanks to continuous technological advancements and growing emphasis on sustainable seafood processing.
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