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ABSTRACT 

In recent years, global fish and seafood markets have continued to expand, and seafood demand 

and transaction volumes have also increased yearly. Due to increasing demands for protein-rich 

fish products, countries such as China, India, and Indonesia have high consumption of fresh fish 

products. Meanwhile, salmon, a type of seafood with a broad market volume and potential, has 

significant shares in terms of revenue in the North American seafood market.  As a result, 

consumers' inclination toward healthy lifestyles and changing dietary habits drive the demand for 

fish products. 

However, seafood is extremely perishable partly due to the presence of amino acids, which can 

decompose into biogenic amines and ammonia. Seafood is also rich in polyunsaturated fatty acids 

(PUFA), which is easily oxidized and leads to unpleasant odor, taste, nutrient loss, and color 

changes. 

Therefore, proper food processing techniques should be employed to maintain the quality of 

salmon and extend storage time. Freezing is the most common process for the long-term 

preservation of food. Immobilization of liquid water by lowering the storage temperature can 

reduce the quality deterioration rate. Freezing temperatures below 0°C also prevent the growth of 

microorganisms in the food that cause food spoilage and foodborne illness. However, during the 

freezing process, the initial freezing step forms ice crystals that damage food structures and reduce 

food quality. Therefore, there is a great need to preserve food without freezing damage. 

Supercooling is a new food processing technology that keeps food below the initial freezing 

temperature without forming ice crystals. It provides a longer shelf life for the food while 

maintaining the quality of the food. 
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In the supercooling protocol developed by Dr. Jun’s lab, ice nucleation during freezing is 

prevented by the pulsed electric field (PEF) and oscillating magnetic field (OMF). The 

fundamental is that electric and magnetic fields have potential interference and rotation effects on 

water molecules present in the food, ultimately associated with the inhibited aggregation of water 

molecules.  

As a result of this, I investigated the effects of supercooling technology based on PEF and OMF 

on the preservation of salmon to extend salmon's storage time while maintain the freshness. 

Thiobarbituric acid reactive substances (TBARS) values represent quantitative oxidative changes 

in meat and meat products during storage. Malondialdehyde (MDA) is one of the most commonly 

used markers of lipid oxidation secondary products. The color index of frozen and refrigerated 

samples differed significantly (P<0.05) from the original state. Color differences of frozen, 

refrigerated, and supercooled samples were 4.2, 5.8 and 2.9, respectively. In addition, the TBARS 

value of the supercooled sample was about 0.96 MDA/kg, which was close to 1.06 MDA/kg of 

the frozen/thawed sample, but the value of the refrigerated sample was 2.13 MDA/kg. Meanwhile, 

the drip loss for the refrigerated samples reached as high as 4% and 2.5%, while the supercooled 

sample was as low as 0.9%, which was not frozen/thawed or damaged by ice, resulting in little 

change in drip loss. For the microbial enumeration experiments, after 10 days of experimentation, 

the microbial counts of all samples increased, the microbial counts of supercooled samples, 

refrigerated sample, and frozen/thawed samples were 5.4, 6.4, and 5.9 log CFU/ml, respectively. 

After the experiment of PEF and OMF-assisted supercooling treatment of salmon, our result 

showed that supercooling treatment could increase the storage time of salmon without quality 

degradation.  
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CHAPTER 1. INTRODUCTION 

According to modern business surveys, the share of the global fish and seafood market is 

increasing year by year, and the demand and transaction volume of seafood products are also 

increasing accordingly (Secretariat, 2022). Despite the COVID-19 crisis, the global seafood 

market continues to grow, with the global seafood market exceeding $110 billion in 2020 and is 

expected to grow to around $133 billion by 2027, which means over a 7-year period Growing at a 

compound annual growth rate (CAGR) of 2.9%. Besides, due to the enormous population of 

countries such as China, India, and Indonesia, the demand for protein-rich fish products and 

consumption of fresh fish products have also increased accordingly. Meanwhile, salmon, as a 

seafood product with broad market size and potential, holds a considerable share of the revenue of 

the North American salmon seafood market (Sun et al., 2022). Moreover, with the rising level of 

technology and knowledge, consumers' pursuit of healthy lifestyles and changing eating habits are 

driving the demand for seafood products (2022 food and health survey, 2022). 

Seafood is a highly perishable product, and the amino acids in seafood will be decomposed during 

the decay process to form biogenic amines and ammonia induced by microorganism broth and 

metabolism (Olatunde & Benjakul, 2018), which are easily oxidized by lipids, producing 

unpleasant odors, plummet taste, and result in a rapid loss of nutrients, leading to unhealthy 

molecular and color changes (Jerónimo & Alves, 2022). Therefore, preserving and transporting 

seafood products have always been important issues in the food industry. Adopting proper food 

processing technology to maintain the food quality and extend the storage time of seafood products 

has also become an important demand in the current market.  

One of the most common and important processing methods for the long-term preservation of food 

is freezing. Freezing immobilizes liquid water by lowering the storage temperature, reducing the 
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rate at which food quality deteriorates. Simultaneous freezing ensures food safety by slowing down 

the movement of molecules, allowing microorganisms to enter a dormant stage (Potter & 

Hotchkiss, 1996). At the same time, cold temperatures also prevent the growth of microorganisms 

that cause food spoilage and foodborne illness. Most of the microorganisms present in food, such 

as bacteria, yeast, and mold, are inactivated when the temperature of the food drops below 0°C 

during freezing (Hui et al., 2004). Freezing has therefore become one of the important food 

preservation technologies. However, during the freezing process, the initial temperature reduction 

process can cause the water in the food to form ice crystals, destroying the structure of the food 

and reducing its quality. 

Therefore, food processing techniques that do not cause freezing by lowering the temperature are 

considered. Supercooling is a new food processing technology that keeps food below the initial 

freezing temperature without freezing. Supercooling provides food with a longer shelf life while 

maintaining its quality without damaging it by freezing (You et al., 2020). There are many 

experiments related to supercooling, such as ultrasonic-assisted food freezing (Qiu et al., 2020; 

Zhang et al., 2018; Cui et al., 2018), high-pressure food freezing (Fernández et al., 2006; Otero & 

Préstamo, 2009), microwave technology (Xanthakis et al., 2014), electric and magnetic fields 

(Mok et al., 2015). Pulsed electric field (PEF) and oscillating magnetic field (OMF) prevent ice 

nucleation during freezing. The main hypothesis is that electric and magnetic fields have potential 

interfering and rotational effects on water molecules present in the food, ultimately preventing the 

aggregation of water molecules. Therefore, the supercooling method using the electric field and 

magnetic field can ensure that the cells in the food matrix will not be damaged during the frozen 

storage of the food (Mok et al., 2015). 
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This experiment aims to study the effect of supercooling technology based on pulsed electric field 

(PEF) and oscillating magnetic field (OMF) on the freshness of salmon. The specific purpose of 

this experiment is to extend the storage time of salmon without freezing, reduce salmon's storage 

temperature, and make salmon's shelf life longer. The specific goals to achieve this are: 

Objective 1: Test and optimize OMF and PEF assisted supercooling protocol. 

Objective 2: Analyze quality factor of supercooling salmon in comparison with conventional 

methods: freezing and refrigeration. 
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CHAPTER 2. LITERATURE REVIEW 

2.1. Introduction 

This chapter introduces the global seafood market in recent years, significant trend upward trend 

changes in the salmon market, and possible future food processing technologies, including 

emerging food freezing technologies, and ice damage during the freezing process. In addition, the 

effect of supercooling food processing technology in improving salmon storage is discussed. 

 

2.2. Seafood Market and Industry 

Fish and other aquatic foods are key components of the global food system and high-nutrient 

groups of great social, cultural, and economic importance. 

Seafood is any form of marine life considered as food by humans, including fish and shellfish. 

Shellfish include various mollusks (such as bivalve mollusks, like clams, oysters,  mussels, and 

cephalopods including octopus and squid), crustaceans (for example, shrimp, crab, and lobster) 

and echinoderms (like sea cucumber and sea urchin), which is rich in nutrients such as protein, fat, 

vitamins and minerals, and fresh tuna, salmon, and other oil-rich fish are rich in long-chain omega-

3 oils, shellfish are particularly rich in zinc (Kitessa et al., 2014; Venugopal & Gopakumar, 2017). 

However, seafood is an extremely perishable product. During the decay process, amino acids in 

seafood decompose into biogenic amines and ammonia. Polyunsaturated fatty acids (PUFA) are 

very susceptible to lipid oxidation, so the formation of unpleasant odors is eliminated. At the same 

time, taste worsens dramatically, and nutrients are rapidly lost, resulting in unhealthy molecules 

and color changes (Secci & Parisi, 2016). 

Therefore, the shelf life of seafood is very limited. Generally, when seafood is alive, the food 

quality is usually in a normal state of no loss. However, due to enzymatic, microbial, and chemical 
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reactions, seafood quality loss occurs immediately after death, during processing and storage 

(Olatunde & Benjakul, 2018). In addition, the rapid biochemical and microbial reactions in seafood 

immediately after slaughter and death can lead to a dramatic decrease in food quality and changes 

in nutritional properties, resulting in a dramatic reduction in shelf life. (Olatunde & Benjakul, 

2018). 

Between 1998-2008, US seafood consumption per capita followed global trends, increasing from 

14.9 pounds per capita to 16.0 pounds, more than a 7% increase. In 2009, per capita, seafood 

consumption in the US was 15.8 pounds.  Salmon, tuna, and tilapia are among the top ten species 

consumed in the United States (Sun et al., 2022). Salmon also provides perspective on traditional 

wild-caught species, with farmed salmon increasingly appearing on the market (Wolle et al., 2019). 

Hawaii provides an interesting case study in seafood preference, as the state's per capita seafood 

consumption rate is approximately three times the national average. There is a demand for fresh, 

high-quality seafood, especially in the high-value market for sushi and sashimi products, as well 

as live products. Tourism and ethnic markets boost demand (Davidson et al., 2012). Commercial 

and recreational fisheries in Hawaii are the primary source of the local supply of fresh seafood. 

Consumers in Hawaii have slightly increased their seafood consumption based on taste and health 

interests. Taste is the most important reason for consuming seafood and why they prefer wild 

seafood over land-based and marine aquaculture production.The global fish and seafood market 

was valued at USD 446.6 billion in 2020 and is expected to expand at a compound annual growth 

rate (CAGR) of 3.3% from 2021 to 2028. The market growth can be attributed to rising fish and 

seafood consumption.  

The global fresh fish market is expected to reach USD 273.96 billion by 2028. It is expected to 

grow at a CAGR of 2.6% from 2022 to 2028 (Straits Research, 2022). There are multiple causes 
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for this rapid growth of the global fish and seafood markets. The growing demand and consumption 

of fresh fish products in developed and developing economies are driving the market. In addition, 

growing concerns about premature skin aging, bone health, and high incidence of cardiovascular 

disease are accelerating the global demand for fresh fish. Furthermore, the growing demand for 

premium food due to freshness, product variety, and convenience of food safety is expected to 

drive market growth over the forecast period.      Factors such as innovation also led to greater 

diversification of seafood dishes and global demand for protein and fat-free foods contribute to the 

market's growth. For example, other factors driving the market are fine dining restaurants serving 

exotic seafood and changing consumer tastes. 

The frozen seafood market is expected to grow at a CAGR of 5.6% from USD 16.27 billion in 

2022 to USD 22.57 billion in 2028 (ltd, 2022). In addition, consumers' changing lifestyles and 

busy schedules have also increased the demand for frozen fish. Packaged foods save time and are 

easy to cook because they are properly packaged and have a longer shelf life without 

compromising product quality, an essential requirement for people with busy lifestyles. Hence, the 

reasons for the same high demand for frozen seafood products, the growing demand for fish, 

innovative cold storage, packaging, and distribution technologies, lead to significant market 

growth over the forecast period. 

Due to the increasing demand for protein-rich fish products and the high consumption of fresh fish 

products in developing countries with large population bases, such as China, India, and Indonesia, 

the revenue share of Asia Pacific will reach the highest in 2021, surpassing 55.0% of total revenue 

share. Meanwhile, consumers' inclination towards healthy lifestyles and changing eating habits are 

driving the demand for fish food products in developed countries. As a result, North America is 
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expected to hold a significant share in revenue during the forecast period (Global Fresh Fish 

Market to reach $273.96 billion by 2028 - researchandmarkets.com 2022). 

However, over the past few years, the seafood industry has been impacted by COVID-19. Fishing 

fleets cannot travel smoothly, and fish farmers cannot sell seafood. Transport links worldwide have 

been cut off; some restaurants have been closed, and some supermarkets have given up fresh 

seafood or cut back on fresh seafood. Supply chains for fish and aquaculture have been disrupted 

due to transportation, trade, and labor disruptions. Reduced catches and delayed storage in 

aquaculture systems, resulting in lower production, will lead to reduced availability, access, and 

consumption of these foods. Demand for packaged and frozen products has surged as households 

look to stock up on non-perishable foods rather than fresh seafood. Overall, the COVID-19 

pandemic leads to lower demand for fresh fish and seafood; salmon exports to Europe and the U.S., 

but logistics costs rise; packaged food sales rise across Europe as COVID-19 cases rise; 

transportation, trade, and labor disruptions lead to disruption of fish and aquatic food supply chains 

(Ahmadi et al., 2021). 

 

Salmon market and industries 

Salmon is the commercial name for salmon or salmon trout; its muscles are strong and elastic with 

a clear texture and dark red or orange color. Due to its rich omega-3 fatty acids and vitamin D, 

salmon is delicious and popular among consumers. Salmon market demand is also expanding. The 

ever-expanding market demand has also promoted the rapid growth of the world salmon trade. 

According to a report by the World-Wide Fund for Nature or World Wildlife Fund (WWF), salmon 

consumption worldwide is three times what it was in 1980. Once a luxury food, salmon is now one 

of the most popular fish in the United States, Europe, and Japan. As a result, salmon aquaculture 
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accounts for 70% of the market, reaching 2.5 million tons, and is the fastest-growing food 

production system in the world (World Wide Fund for Nature or World Wildlife Fund, Farmed 

Salmon 2022). 

Steady growth in the international trade market for salmon will continue to solidify its position as 

the main seafood product of choice for consumers worldwide when global demand for salmon 

continues to increase e in both traditional and emerging markets. On the one hand, the growth of 

the salmon market is driven by factors such as population growth, increase in fast food restaurants, 

upgrade of small fish discharge, development of tourism, and increased health care awareness 

(Research and Markets, 2021). On the other hand, the international salmon trade market has some 

notable trends. For example, with the growth of emerging markets such as Asia-Pacific and Latin 

America, fish consumption is increasing per capita, and salmon technology-related industries are 

constantly being promoted. Moreover, according to the United Nations, the salmon market is so 

large that the world market can absorb a 6%-7% excess supply each year without causing prices 

to drop. According to research, the global salmon industry is projected to grow at a healthy CAGR 

of 7.40% between 2020 and 2026 (Global Salmon Market Report and Forecast 2022-2027). 

 

2.3. Food Freezing  

Freezing is the most common process for the long-term preservation of food. Fixing liquid water 

by lowering the storage temperature can reduce the quality deterioration rate. At the same time, 

freezing keeps food safe by slowing down the movement of molecules, allowing microorganisms 

to enter a dormant phase (Potter & Hotchkiss, 1996). Cold temperatures prevent the growth of 

microorganisms that cause food spoilage and foodborne illness. Freezing to 0°F inactivates any 

microorganisms -- bacteria, yeast, and mold -- present in the food. Once thawed, however, these 
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microbes become active again, multiplying to levels that could lead to foodborne illness under the 

right conditions (Hui et al.,2004). 

The figure below shows that the freezing process associated with food can be represented by four 

basic parts (Evans, 2008). First, the temperature begins to decrease gradually, and then during this 

metastable state, before ice nucleation, free water in the food matrix exists in a supersaturated state. 

Then the latent heat is released, raising the internal temperature of the food to the freezing 

temperature, which is from A to B in the figure. This stage will mainly determine the growth and 

corresponding size of the ice crystals. Depending on the solid or liquid form of the food, the 

freezing temperature will vary slightly among foods of the same type, depending on the content of 

the various mixtures. The temperature then remains constant for a period and then continues to 

decrease until the temperature is close to the ambient temperature. 

 

Fig 2.1. A typical temperature-time curve of frozen food. 
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2.3.1. Freezing Issues  

     Freezing technology is one of the most common methods used for long-term food preservation. 

Immobilizing liquid water by lowering the storage temperature can reduce the quality deterioration 

rate (Hui et al., 2004). Freezing, at the same time, keeps food safe by slowing down the movement 

of molecules, allowing microorganisms to enter a dormant phase. Cold temperatures prevent the 

growth of microorganisms that cause food spoilage and foodborne illness. Freezing to 0°F 

inactivates any microorganisms -- bacteria, yeast, and mold -- present in the food. Once thawed, 

however, these microbes become active again, multiplying to levels that could lead to foodborne 

illness under the right conditions. 

During freezing, most thawed foods' quality should ideally be indistinguishable from fresh produce 

(Li, Zhu, & Sun, 2018). This requirement is more readily fulfilled in some foods than others 

because some structurally fragile foods are more likely to damage cells during freezing. However, 

for some common food commodities, the quality of the thawed product must be comparable to the 

fresh product. 

Ice crystals form during freezing, causing irreversible structural damage to the food matrix. This 

change reduces overall food quality. The formation of ice crystals reduces the quality of food 

through the following mechanisms: 

The first is mechanical damage to the food structure. Ice has about 10% more volume than water, 

so during the freezing process of moisture in foods, the expanding ice crystals compress the food 

matrix and disrupt their structure, especially some fruits with fragile structures. At the same time, 

at the macroscopic scale, thermal stress caused by expansion during rapid low-temperature 

freezing may also crack the food. Second, during freezing, the decrease in liquid water available 

to proteins and the increase in electrolyte concentration led to the aggregation and denaturation of 
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actomyosin, also known as protein cross-linking (Buttkus, 1970). Also, because of the limited 

reabsorption of water during thawing, in animal tissues, for example, muscle proteins hydrate and 

cross-link during cryopreservation. Upon thawing, tissue may not fully reabsorb the thawed ice 

crystals to their pre-freezing water content. This will lead to a loss of exudate from the thawed 

muscle; this part is called drip loss, and texture toughness will also be lost, so food quality will be 

compromised (Evans, 2008). 

 

2.4. Supercooling Technology 

Supercooling liquids have a temperature below the freezing point but do not solidify or crystallize. 

The supercooling liquid is unstable. If a little crystal of the substance is put in, crystallization can 

be induced, and the temperature of the supercooling liquid can be raised to the freezing point. This 

unstable state, which can be quickly transformed under small perturbations, is called the metastable 

state. The liquid can remain in this state long before the first crystal nucleates. Subsequently, 

crystals grow and diffuse rapidly throughout the volume. At lower temperatures, water freezes due 

to uniform ice nucleation and growth. The degree of supercooling in food is much less than that in 

pure water because of heterogeneous ice nucleation. 

In general, frozen storage, adverse chemical changes, and deterioration of nutritional quality 

include protein structure disruption (Canet, D. 1989), lipid oxidative hydrolysis (Silva et al., 1998), 

natural pigment degradation (de Ancos et al., 1999), brown pigment formation and microbial loss 

(Fennema, 1977; Giannakourou & Taoukis, 2003). Especially in fruits and vegetables, structural 

changes during frozen storage can lead to structural changes in protein membranes and disruption 

of cellulose cell walls due to ice crystal growth (Powrie, 1984). Therefore, it is critical to control 

the size and location of ice crystals in food products under proper storage conditions at a constant 
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low temperature. To overcome these technical problems, new methods have been developed to 

control ice crystallization during freezing. Supercooling technology is one of them. Supercooling 

is a new food processing technology that keeps food below its initial freezing point without phase 

transition (solidification). To shorten the freezing time, improve the degree of supercooling, 

maintain the stable state of supercooling during the frozen storage process, and extend the shelf 

life of food, there have been a large number of related experiments and technologies aimed at 

inhibiting, inducing or controlling the freezing method in food (You et al., 2020), such as 

ultrasound-assisted food freezing (Qiu et al., 2020; Zhang et al., 2018; Cui et al., 2018), high-

pressure food freezing (Fernández et al., 2006; Otero & Préstamo, 2009), microwave technology 

(Xanthakis et al., 2014), electric and magnetic fields (Mok et al., 2015). 

 

2.4.1. High Pressure for Supercooling 

Among the technologies to suppress and control the formation of ice nuclei during food freezing, 

high-pressure (HP) freezing is a method that can induce and control ice formation in food. For 

food processing, the use of high pressure makes it possible to be highly supercooling. The 

traditional freezing preservation method will freeze the water in the food into ice, and the volume 

will expand and destroy the structure of the food. However, for high-pressure freezing, it can make 

the pressure release in the whole uniform and rapid ice nucleation and growth in the sample 

resulted in the formation of fine ice crystals, thus avoiding the consequences of food quality 

degradation (Kiani & Sun, 2011). 

The high-pressure freezing process is a promising technique for processing fish muscles and other 

applications. Fish gels obtained by high-pressure freezing had a smoother appearance and better 

texture compared to heat-induced gels (Truong et al., 2014). The gelation of fish protein under the 
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action of High pressure (HP) (Uresti et al., 2006) has also shown better results than traditional 

methods. Furthermore, the phase transition phenomenon of water under the action of HP opens 

new directions for improving the quality of frozen fish over storage time. Previous studies have 

shown that HP has beneficial effects on the microstructure, drip loss, and texture of some frozen 

fish muscles (Tironi et al., 2010). 

 

2.4.2. Electric Field for Supercooling 

In recent years, as an emerging food technology, the application of magnetic field (MF) and 

electric field (EF) in the food freezing process has attracted more and more attention, and many 

related experiments are underway or put on the agenda. The first is EF, studies showing that EF 

treatment of food during freezing has a large measurable effect on food during freezing. 

Electrostatic field (SEF) treatment of beef samples during freezing showed smaller ice crystal 

formation in samples treated with SEF compared to frozen samples (Mok et al., 2014), indicating 

good performance during freezing. Positive effects can be expected to extend the shelf life of food 

products. Pulsed electric field (PEF) treatment can firstly increase the bioavailability of 

intracellular substances, which can improve the membrane permeability of food, thus reducing 

freezing time (Rastogi et al., 1999). When potatoes were treated with PEF, it was observed that 

EF-induced electroporation could facilitate heat and mass transfer processes and inhibit the 

crystallization/melting phase. However, it was also observed that PEF pretreatment caused 

significant structural changes in freeze-thawed potato samples (Jalté et al., 2009). Mok et al. (2015) 

found that under the action of a high-frequency pulsed electric field, solutions tend to form small 

and uniform ice crystals under freezing conditions at -20°C. As the applied electrostatic field 

strength increases, the nucleation temperature shifts to higher values (Orlowska et al., 2009). The 
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difference is that under another pulsed electric field, the crystallization properties of ice, such as 

supercooling degree, freezing time, and ice crystal size, depend on the applied frequency (Sun et 

al., 2006). In experiments with PEF-treated spinach leaves, it was observed that PEF treatment 

resulted in a substantial leakage of solutes and other cytoplasmic components into the extracellular 

space in the tissue. 

In contrast, the rate of ice propagation in water-soaked leaves was reduced approximately 4-fold 

compared to untreated sample (Dymek et al., 2015)..  Several studies have shown that PEF has the 

potential to mediate the tenderization process of meat food products because its membrane-altering 

properties lead to the early release of calcium ions and early activation of calpain. PEF can also 

speed up curing, enhance drying and reduce the number of pathogens and spoilage organisms in 

meat, although this requires stringent processing conditions. While tenderization, meat safety, and 

accelerated curing appear to be areas where PEF could provide an attractive option in meat 

processing, further research is required before the application of PEF becomes a commercial 

reality in the meat industry (Bhat et al., 2019). Meanwhile, transient pulsating electric fields have 

also been reported as a scheme that can achieve the same effect as alternative electric fields due to 

the beneficial effect of the vibration of dipole water molecules. Therefore, PEF can affect the 

physical and chemical properties of processed products depending on their pulse shape, frequency, 

and processing temperature (Woo et al., 2010). According to the existing experiments, the basic 

mechanism of SEF in the ice crystallization process is still controversial, so more research is still 

needed. Most of the research on PEF focuses on the processing before freezing. Overall, EF has 

obvious benefits for food processing and deserves more research and exploration. 
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2.4.3. Magnetic Field for Supercooling 

Theoretical and experimental results show that a static magnetic field (SMF) can induce ice 

crystallization (Woo & Mujumdar, 2010). At present, experiments have studied the influence of 

the static magnetic field on the solidification behavior of water droplets under atmospheric 

conditions through thermal analysis and found that the critical supercooling degree decreases with 

the increase of the magnetic field. Supercooling is negligible in magnetic fields above 0.5 T, and 

equilibrium solidification occurs (Aleksandrov et al., 2000). Therefore, the application of SMF has 

great potential to control the freezing time and freezing characteristics. In addition, under the 

combined action of PEF and repulsive SMF, the phase transition time period is greatly shortened, 

and uniform round ice crystals are formed (Suzuki et al., 2009). Under the influence of MF, a 

decrease in surface tension and an increase in the viscosity of purified water circulating at a 

constant flow rate were detected (Cai et al., 2009). The decrease in surface tension indicates that 

the internal structure of water becomes more stable with less molecular energy, meaning that more 

hydrogen bonds are formed under MF. According to experiments by Zhang in 2020, after applying 

an external SMF of 10 T in the direction perpendicular to the plates, the freezing temperature of 

the water between the parallel plates shifts to a higher value, and the temperature change caused 

by the magnetic field is proportional to the square of the magnetic field strength. The freezing 

temperature of the water is proportional to the quadratic logarithm of the external SMF. The effect 

of MF on the freezing of confined water is similar to the effect of increased pressure on the freezing 

of confined water. The application of MF can also change the phase transition time (Zhang, 2010). 

Similarly, there are also experiments suggesting that SMF has a positive effect (decrease the phase 

transition time) and negative affect (increase the phase transition time) on the phase transition time 

of 0.9% NaCl solution, depending on the type of SMF (attracting or repelling) (Mok et al. al, 2015). 
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However, other studies have shown that due to the diamagnetism of water, the oscillating magnetic 

field (OMF) causes the water molecules to vibrate, thereby preventing the nucleation of ice crystals 

(Shu et al., 2000). Enhanced thermal vibrations are associated with increased supercooling after 

water is suppressed by a weak external oscillatory MF (Qwada, 2007). At the same time, studies 

have shown that weak OMFs at very low frequencies can oscillate magnetite nanoparticles in many 

animal and plant tissues and prevent the nucleation of ice crystals on the surface of magnetite 

nanoparticles. As a result, local supercooling may be enhanced (Kobayashi et al., 2013). 

 

2.5. Conclusion  

The seafood market is an important part of the global economic and trade market, and seafood is 

also one of the important food sources consumed worldwide. It provides the main source of high-

quality protein in the world, and salmon is one of the mainstays in the seafood market. This thesis 

introduces the effect of traditional seafood freezing and the damage it causes to food from the 

perspective of food engineering. As a food processing technology, supercooling technology can 

reduce food temperature below the freezing point and extend the shelf life without ice 

crystalization. The results show that supercooling technology can effectively extend the shelf life 

of food and preserve the fresh quality of food. 
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CHAPTER 3. EFFECTS OF PULSED ELECTRIC FIELD (PEF) AND 

OSCILLATING MAGNETIC FIELD (OMF) ON SUPERCOOLING 

PRESERVATION OF SALMON 
 

3.1. Abstract 

Salmon is a common food fish rich in protein and omega-3 fatty acids. Salmon has a relatively 

short shelf life typically limited to 1 to 3 days when stored at 2 to 8°C. Refrigeration and freezing 

are the most popular ways to preserve perishable foods like fish, however, the formation of ice 

crystals in food can cause irreversible structural damage to the food matrix which may reduce the 

quality of the food. Supercooling is a unique way of keeping food fresh by cooling food below its 

freezing temperature without forming ice crystals. Water is diamagnetic and partially charged so 

it can be affected by magnetic and external electric fields. In this study, we investigated the effects 

of oscillating magnetic fields (OMFs) and pulsed electric fields (PEFs) on ice crystals' formation 

during salmon's supercooling. 

Results indicated that supercooling storage using the combined technique of OMF and PEF 

reduced the storage temperature of salmon, and a similar TBARS value was observed between 

frozen and refrigerated samples. Compared with fresh salmon samples, there is no significant 

difference in meat color of frozen samples. Also, results indicated that the weight of drip loss is 

similar between fresh and those supercooled samples. For treated samples, microbiological counts 

were lowest in supercooled samples after experimentation compared to frozen and refrigerated 

samples. These results indicate that supercooling storage using the combined techniques of OMF 

and PEF can decrease the quality degradation of salmon related to freezing.  
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3.2. Introduction 

Freezing is the most common food preservation process and can preserve food for a longer time. 

Fixing liquid water by lowering the storage temperature can reduce the quality deterioration rate. 

Simultaneous freezing keeps food safe by slowing the movement of molecules, allowing 

microorganisms to enter a dormant phase (Potter, 2013). Cold temperatures prevent the growth of 

microorganisms that cause food spoilage and foodborne illness. Freezing to 0°F inactivates 

common microorganisms -- bacteria, yeast, and mold that are frequently present in the food. 

However, once thawed, these microbes may become active again and multiply to the levels that 

could lead to foodborne illness under the right conditions (Hui et al., 2004). At present, freezing 

has been recognized as the most common method for the long-term preservation of food because 

it greatly reduces the rate of deterioration of food quality. However, during the freezing process, 

ice crystallization can cause irreversible microscopic damage to the food matrix through volume 

expansion (Evans, 2008). Structural damage and disruptive change may reduce the consumer 

perceptions of overall food quality. 

Supercooling is a new food processing technology that can decrease the temperature of food 

products below the freezing point without forming ice crystals. With this technology, food can be 

stored at low temperatures for longer without the risk of causing ice crystal damage (Shafel et al., 

2015). However, the supercooling state in food is not easy to achieve, and it’s even more difficult 

to maintain for long enough time as the supercooling food is theoretically unstable because of the 

thermodynamics, the food properties, and spontaneous nucleation that may occur during the cold 

process (Fukuma et al., 2012). Recently, techniques in electric and magnetic fields have been 

developed to control the nucleation phenomenon (Jun et al., 2018). 
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In recent years, some studies have investigated using an oscillating magnetic field (OMF) and 

pulsed electric field (PEF) to prevent ice nucleation during freezing (Mok et al., 2015). The main 

hypothesis is that electric and magnetic fields have potential interference and rotation effects on 

water molecules in food near freezing temperatures. The combined treatment could increase the 

mobility of water molecules (Kang et al., 2020), and ultimately prevent the aggregation of water 

molecules. According to current research, due to the diamagnetism of water, the oscillating 

magnetic field may cause the water molecules to vibrate, thereby preventing the formation of ice 

nuclei under freezing temperature (Sari & Balli, 2014). Also, the electric field could redirect and 

rearrange water molecules because of the existence of electric dipoles in the water molecules 

(Otero et al., 2016). These observations suggest that using OMF and PEF may prevent ice 

nucleation during the process of freezing. Indeed, it was demonstrated that a combination of PEF 

and OMF suppressed ice formation within the chicken breast and maintained a supercooling state 

of -7°C (Mok et al. 2017). Taiyoung et al. (2020) showed that PEF combined with OMF inhibited 

ice nucleation, allowing tuna fillets to be stored in a supercooling state of -3.2°C for eight days. 

The study of You et al. (2020) on beef steak, also showed that supercooling storage could extend 

the shelf life of beef while maintaining its freshness. In summary, multiple studies have 

demonstrated that supercooling storage has many beneficial effects compared to traditional 

freezing methods. However, several perspectives related to the application of supercooling in food 

storage   including the impacts on food safety and its applicability when using this technology in 

large-scale production still need to be evaluated, 

This experiment investigated the quality of fresh salmon after 10 days of supercooling storage 

under different conditions.  By comparing the results with salmon samples that were kept in 

refrigerated and frozen environments for 10 days, current results clearly showed the effect of 
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supercooling, proving that supercooling can extend the shelf life of perishable seafood-related 

products. 

3.3. Materials and Methods 

3.3.1. Sample Preparation  

Fresh salmon was purchased from a Sam’s Club store (Honolulu, HI, USA). Salmon was cut into 

150 g ± 10 g (5 × 5 × 3.5 cm3) pieces and placed in a 3D-printed experimental holder (Figure 1). 

Samples were used to evaluate quality changes after the same storage time (10 days) The prepared 

salmon pieces were wrapped with polyethylene plastic wrap to avoid moisture loss during the 

experiment. All experimental samples were stored in two commercial refrigerators (15.4 cu. FT, 

GE) (7.1 cu. FT, THOMSON) on the day of purchase for experiments at 4°C (refrigerated), -4.5°C 

(supercooling) and stored at the ambient temperature of -20°C (frozen) for 10 days, the frozen 

samples will be thawed in a refrigerator (4°C) (15.4 cu. FT, GE) for 24 hours after removal before 

subsequent experiments. Three quality factor assessments were performed on the differently 

treated samples on days 0 and 10, respectively. Quality assessments were performed regarding 

color change, drip loss, lipid oxidation, textural quality, and microbial counts. 

 

3.3.2. PEF and OMF Supercooling Treatment 

The experiments used a customized supercooling system to generate PEF and OMF, which 

consisted of PEF and OMF modules, real-time temperature sensors, and freezing equipment. To 

support the supercooling state of salmon for a long time, PEF is delivered through a set of parallel 

titanium electrodes in direct contact with the sample. Two electromagnets, assembled and 

controlled by PC, are mounted on the fabricated device and placed perpendicular to the direction 

of PEF generation, For OMF generation. The power supply is used to generate bipolar square wave 
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pulses for PEF and OMF. A t-type thermocouple wire (TT-T-40-SLE, Omega Engineering, Inc., 

Stamford, CT) was used to collect temperature in real time at the holder's center and the sample's 

surface during the experiment to determine whether the sample was successfully supercooled. The 

supercooling chamber was placed in a refrigerator (7.1 cu. FT, THOMSON), and the freezer 

temperature was controlled by a proportional-integral-derivative (PID) controller (D1S-2R-220, 

SESTOS Electronics Hong Kong, Hong Kong). 

 (a) 
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(c) 

(b) 
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Fig 3.1.  (a) A system schematic, (b) PEF and OMF orientations inside the supercooling domain, 

(c) a snapshot of the supercooling system, and (d) supercooling chamber with PEF module. 

 

3.3.3. Drip Loss 

The salmon samples were weighed and recorded directly after initial sample preparation. stored 

under different storage conditions (refrigerated, supercooling, and frozen) for 10 days, and 

removed excess drips with paper towels. The final weights of frozen samples were recorded after 

thawing at 4°C for 24 hours. Samples were weighed again after each treatment (final weight) and 

drip loss was estimated using the following formula: 

𝐷𝑟𝑖𝑝 𝑙𝑜𝑠𝑠(%) =
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑓𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡
× 100                    (1) 

 

3.3.4. Color Measurement 

The color of the salmon samples was measured using a computer vision system. Measured by a 

hand-held colorimeter (ColorTec PCM, Clinton, NJ) close to the sample to obtain L* (lightness), 

a* (redness-greenness), b* (yellowness-blueness), 8 measurements per sample. The samples were 

photographed using a digital camera (Canon EOS Rebel T3i, Canon USA Inc., Melville, NY, USA) 

placed vertically at 20 cm from the sample. A circular light bulb (FC12T9, Phillips, Amsterdam, 

(d) 
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The Netherlands) was used to obtain uniform light intensity over the samples in the system. For 

sample comparison, the L* (lightness), a* (red-green), b* (yellow-blue) changes of the sample 

need to be compared, and the given code is used to calculate the net color difference. The formula 

for calculating the color difference (ΔE) is: 

∆𝐸 = √(𝐿2
∗ − 𝐿1

∗ )2 + (𝑎2
∗ − 𝑎1

∗)2 + (𝑏2
∗ − 𝑏1

∗)2                    (2) 

 

3.3.5. Texture analysis 

Texture measurements were slightly modified based on Casas, C. et al. (2006) method. Frozen 

salmon samples were thawed in a 4°C refrigerator for 24 hours before experimentation. Shear force 

values were measured using a TA-XT2 texture analyzer (TA.XT 2i, stable micro systems, USA) 

equipped with a blade (60° edge) probe with a thickness of 0.75 mm and a width of 70 mm, with 

a blade speed of 2 mm/ second. The force-deformation curve was obtained by using the software 

Exponent matched with the TA-XT2 texture analyzer, and the force (N), energy (J), and slope 

(N/mm) required to cut the sample were determined from the force-deformation curve. 

 

3.3.6. Thiobarbituric acid reactive substances (TBARS) test 

To determine the effect of an extended supercooling state on the oxidative stability of salmon 

samples, this experiment evaluated the thiobarbituric acid reactive species (TBARS) values of 

supercooling salmon samples after 10 days and compared them with refrigerated (4°C) and frozen 

(-20 °C) TBARS values of the samples. TBARS values represent quantitative oxidative changes 

in meat and meat products during storage (You et al., 2020). In addition, Malondialdehyde (MDA), 

one of the most commonly used markers for secondary lipid oxidation products in meat product 

samples, was determined using a modified method (MCDONALD & HULTIN, 1987 ). 
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The experiments used a Genesys 20 spectrophotometer (Thermo Scientific GENESYS20, Thermo 

Fisher Scientific, Inc., Rochester, NY). First, 1 g of the sample was mixed with 10 ml of distilled 

water, homogenize and filter. Exactly 1 ml of the homogenized supernatant was then combined 

with 2 ml of 15% trichloroacetic acid (TCA) and 0.375% thiobarbituric acid (TBA) solution, 3 ml 

of 2% butylated hydroxytoluene (BHT) (w/v) and mixed with 95% ethanol solution (Qi et al., 

2022). Concentrated hydrochloric acid, trichloroacetic acid, thiobarbituric acid, and butylated 

hydroxytoluene were purchased from VWR (Radnor, PA, USA).  The mixture was vortexed and 

heated in a 90°C water bath for 15 minutes, cooled to room temperature, and then centrifuged at 

4000 x g for 15 minutes. Measure the absorbance of the solution at 532 nm (Qi et al., 2022). The 

MDA concentration was calculated using a molar extinction coefficient ranging from 1.56 to 105 

M/cm and expressed in mg MDA per kilogram of the sample. 

 

3.2.7. pH measurements 

First, 10 g of the sample was mixed with 10 ml of distilled water, homogenized, and filtered, and 

the pH of the solution was checked with a Mettler Toledo Seveneasy pH meter (Mettler Toledo, 

Columbus, OH). 

 

3.3.8. Microbial Counts  

Initially, the technique was performed on a fresh salmon sample (25g), then 1 sample was taken 

for supercooling (3x6x12cm), while another 6 samples (100g each) were taken. Three samples 

were kept in a refrigerator (5°C) (7.1 cu. FT, THOMSON) for 3, 7, and 10 days and removed after 

each storage day for microbial enumeration. Three of these samples were placed in a freezer (-

20°C) (15.4 cu. FT, GE) for 3, 7, and 10 days, and samples were periodically removed for 
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microbial enumeration. After removing the samples, take 25 g of each sample (25 g) into a bag 

containing 225 mL of sterile potassium phosphate buffer from each 100 g sample and homogenize 

at 250 rpm for 10 min. After obtaining the homogenate, vortex, use a separate sterile pipette to 

prepare appropriate decimal dilutions of food homogenates, and transfer 1 ml of the previous 

dilution to 9 ml of diluent (sterile potassium phosphate buffer PBS). Avoid extracting foam when 

sampling (Helrich, 1990). Pipette 0.1 ml of each dilution into separate, duplicate, appropriately 

labeled Petri dishes. If the dilution bottle sat for more than 3 minutes before pipetting into the dish, 

re-shake the dilution bottle 25 times in a 30 cm arc within 7 seconds. Standard count agar was used 

in the experiments. The inoculated dishes were inverted and incubated at 35°C for 48 ± 2 hours 

(Maturin & Peeler, 2001). 

 

Fig 3.2.  The experimental procedure of the microbial enumeration experiment. 

 

3.3.9. Statistical Analysis 

Experimental data were averaged from 3 independent experiments and analyzed using OriginPro 

2021b (OriginLab, Northampton, MA, USA). One-way ANOVA and Tukey's test was performed 
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on the variables. Experimental data show standard deviation. Significant differences between 

treatments were determined at the 95% confidence level. 

 

3.4. Results and Discussion 

3.4.1. Effects of PEF and OMF Treatment on Salmon Supercooling time 

Fig 3.3 shows the time-temperature distribution of salmon samples stored in freezing, refrigerated, 

and combined PEF and OMF treatments. The freezing phenomenon that occurs during freezing 

can be determined by measuring the temperature of the sample, and supercooling is the 

phenomenon in which the temperature of a solution or food drops below its equilibrium freezing 

temperature without ice crystallization (Martins et al., 2011). Existing studies have shown that 

PEF can inhibit ice nucleation by vibrating and displacing water molecules, which are polarized 

and redirected by the force momentum exerted on the dipole moment of water molecules when 

external PEF acts on food samples (Pang et al. & Deng, 2008). In addition, OMF will enhance the 

transition dipole moment and vibrational force of water molecules and affect the diamagnetic 

properties of water molecules (Mok et al., 2015). The application of a magnetic field can weaken 

the van der Waals bonds between water molecules and enhance the H-O bond. Intensity means 

that the size of the water clusters can be controlled by using an external magnetic field (Chang & 

Weng, 2006). The observable temperature increase during freezing is the result of latent heat 

released during ice formation (Kiani and Sun, 2011); due to the latent heat released by the freezing 

process, it can be observed in the time-temperature distribution that the temperature rises after a 

period. No latent heat release was detected in the supercooled samples during the experiment, 

which proved that the samples stored in the supercooling storage by the combined treatment of 

PEF and OMF did not freeze, indicating that the combined treatment of PEF and OMF effectively 
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inhibited the nucleation of ice crystals in the samples. The freezing temperature of the tested 

salmon was about -2 °C. However, the temperature of the supercooled samples was reduced to -

3°C in the experiment, indicating that in the case of combining PEF, the application of OMF can 

provide stable supercooling for the experimental samples. With support, salmon samples can be 

stored at −3C for 10 days.  

 

Fig 3.3. Temperature plots of salmon samples during the supercooling process based on OMF 

and PEF and other controls. 

 

3.4.2. Color Change Analysis 

The color of fish can be affected by many factors, including diet, environment, treatment with 

color fixatives such as carbon monoxide, or other packaging processes, so color itself is not an 

indicator of freshness (Maturin & Peeler, 2001). However, color is also affected by fish spoilage, 

so this experiment detects color change as an indicator (Spoilage of fish and other seafood 2016). 
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Figures 3.4(a), (b), and (c) show the color of salmon samples after 10 days of supercooling storage. 

Changes in lightness (L*), redness (a*) and yellowness (b*) are shown in Fig 3.4(d). By observing 

the L*, a*, and b* of the samples before and after 10 days of treatment, it can be known that for 

the frozen samples, L* is relatively increased, a* is relatively increased, and b* is relatively 

decreased. For refrigerated samples, L* was relatively decreased, a* was relatively decreased, and 

b* was relatively increased. For supercooled samples, L*, a*, and b* are all relatively improved. 

But overall, the color change is hardly noticeable. In the comparison of ΔE, the refrigerated sample 

has the largest value, which is larger than the frozen sample and the supercooled sample, and the 

frozen sample is larger than the supercooled sample. Compared with other samples, supercooling 

storage has a positive effect on prevention or deduction of the discoloration rate.  

 

 

(b) (a) 
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Fig 3.4. Comparison of L*, a*, b* numerical changes of (a) refrigerated, (b) frozen, and (c) 

supercooled samples before (Fresh) and after 10 days of the experiment (10days); (d) ΔE values 

of refrigerated, frozen and supercooled samples.  

                              

3.4.3. Drip loss  

Figure 3.5 shows drip losses for refrigerated, supercooling and frozen/thawed salmon samples. 

The drip loss of frozen/thawed salmon samples was significantly greater than that of supercooling 

salmon samples and greater than that of refrigerated samples. According to existing studies, 

substantial fluid loss from frozen/thawed samples is due to cell wall rupture and protein 

denaturation. Drip loss in frozen/thawed salmon samples can be explained by protein denaturation 

and aggregation, which reduces the water-holding capacity of tuna muscle myofibrillar proteins 

(Ben-gigirey et al., 1999). When meat is frozen, the water balance changes due to the extracellular 

water that freezes first, so existing ice crystals grow at the expense of the water in the inter-fiber 

space as the freezing process progresses. Ice nuclei are formed (Qian et al., 2018). When the meat 

is thawed, the frozen water will thaw, be released, and must re-establish equilibrium with muscle 

proteins and salts, as fibers and cells are squeezed by the ice formation, twisted, and destroyed 

(Physical–chemical principles in freezing 2016), the water absorbed in the process of re-

establishing the balance will be less than the normal situation, and the water that has not been 

(c) 

(d) 
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reabsorbed seeps out in the form of water droplets, resulting in drop water loss. On the other hand, 

compared with the refrigerated and supercooled samples, the drip loss value of the supercooled 

samples was smaller, indicating that the OMF and PEF treatments inhibited the formation of ice 

nuclei during the entire storage process and were stronger for the internal protection of the samples. 

 

Fig 3.5. Drip loss of frozen/thawed, refrigerated, and supercooled samples before and after 10 

days of the experiment. 

 

3.4.4. TBARS test and pH measurement analysis 

TBARS reflects the degree of lipid oxidation, which, in the case of salmon commodities, can lead 

to the formation of rancid odors, which represent a decrease in food quality, and may also lead to 

food poisoning if consumed (Bopitiya et al., 2014). Lipid oxidation is a complex chemical process 

involving many factors, such as oxygen, heat, microorganisms, and enzymes (Jeong et al., 2021). 



51 
 

TBARS values of salmon are also affected by the storage temperature (Luan et al., 2018). In 

general, salmon contains unsaturated fatty acids such as docosahexaenoic acid (DHA), which are 

susceptible to oxidative species and form hydroperoxides that spoil secondary products such as 

MDA (Fidalgo et al., 2021). As shown in Figure 3.6, for the samples stored for 10 days, the MDA 

content of the refrigerated samples is much higher than that of other samples, while the content of 

the supercooled samples is still slightly higher than that of the frozen/thawed samples, but the 

difference is not significant. But all treated samples had higher MDA content than fresh samples. 

Therefore, preserving fish during supercooling is more effective in preventing lipid oxidation than 

cold storage. 

 

 

Fig 3.6. Comparison of (a) TBARS value and (b) pH value of fresh, frozen/thawed, refrigerated, 

and supercooled samples before and after 10 days of the experiment. 

                       

3.4.5. Texture Analysis 

The texture characteristics of salmon were evaluated, and the main criterion was firmness. As 

shown in Figure 3.7, for the 10-day samples, the hardness of the supercooled sample was the 

highest. Frozen samples were thawed in a 5°C freezer for 24 hours to measure hardness. In contrast, 

(b) (a) 
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the hardness of the refrigerated sample was lower than that of the  supercooled sample, and the 

hardness of the frozen/thawed sample was the lowest. Studies have shown that the reduction in 

hardness value during storage is associated with drip loss and degradation of structural proteins by 

proteolytic enzymes (Christensen et al., 2017). There are also studies showing that the texture 

changes of salmon during storage are related to the density of muscle fibers and depend on some 

intrinsic biological factors, such as collagen and fat content, as well as autolytic and microbial 

processes attributed to fish death (Mahto et al., 2015; Chaparro-hernández et al., 2015). The 

experimental results show that the combined supercooling of PEF and OMF prevents the formation 

of ice nuclei during storage and maintains the hardness of the samples. 

 

Fig 3.7. Comparison of the hardness of fresh, frozen/thawed, refrigerated, and supercooled 

samples after 10 days of experiment. 
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3.4.6. Microbial Count Analysis  

The microbiological analysis results are shown in Figure 3.8. Changes in total plate numbers 

showed relatively similar trends as during supercooling and refrigerated storage. As the storage 

time increased, the change in the number of bacteria in the frozen/thawed samples decreased on 

the third day, indicating that cold storage likely killed some microorganisms. However, a higher 

rise was detected in the 10-day samples. The variation of the number of microorganisms in the 

supercooling samples has been in a lower range. This result shows that supercooling technology 

can inhibit the growth of microorganisms within a certain time frame. 

 

 

Fig 3.8. Aerobic counts of fresh, frozen/thawed, refrigerated, and supercooled samples after 

different storage times. 

 

3.5. Conclusion 

The purpose of this experiment was to study the effect of supercooling storage on the quality 

attributes of salmon. Using the combined treatment of PEF and OMF to inhibit ice nucleation, the 
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salmon filets could be stored in a supercooling state of −3◦C for 10 days. The degree of lipid 

oxidation in salmon stored under frozen, refrigerated, or supercooling conditions was assessed by 

measuring TBARS. Comparing the drip loss index of the supercooling salmon samples and other 

samples showed that the supercooled samples did not form ice during storage, and the food quality 

was not noticeably compromised., which was further confirmed by comparing the textures. There 

is little difference in pH value between samples, while the color change (ΔE) is more obvious, 

changes in the number of microorganisms in the supercooled samples after the 10-day experiment 

were significantly lower than those in the frozen and refrigerated samples. Our results have shown 

that the food quality of the supercooling and frozen samples is relatively preserved, while the 

refrigerated samples have deteriorated after 10 days of storage. This indicates excellent 

preservation ability of the supercooling technology for perishable seafood materials. In summary, 

compared with traditional freezing technology, supercooling preservation can prevent ice 

formation during storage and help maintain the structural integrity of the food. Our study 

demonstrates the great potential of supercooling technology for future food preservation. 
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CHAPTER 4. CONCLUSION AND FUTURE WORK 

 

The results showed that salmon fillet could be stored for 10 days in a supercooling state of -3°C, 

which has excellent freshness retention for perishable seafood materials. By measuring the TBARS 

value, it can be seen that the TBARS value of the refrigerated sample was much more significant 

than frozen/thawed and supercooled samples. In contrast, the pH difference between all samples 

was not significant. By measuring the TBARS value, it can be seen that the TBARS value of the 

refrigerated sample is much greater than that of the frozen/thawed and supercooled samples, and 

the pH difference between the samples is not significant. The results prove that the frozen/thawed 

and supercooled samples have no evident deterioration. In the comparison of texture changes 

between samples, although the hardness of the supercooled sample decreased compared with that 

of the fresh sample, the firmness of the refrigerated sample and the supercooled sample was still 

higher than that of the frozen/thawed sample, which proved that the quality of salmon was not 

seriously damaged. No apparent ice crystallization occurred, further demonstrating the effect of 

supercooling pretreatment. The supercooled sample was significantly lower than other samples 

compared with the microbial counting results. Overall, this project demonstrates the potential of 

combined OMF and PEF supercooling in improving the shelf life of salmon and provides a new 

solution for the selection of cryoprotectants during freezing. 

In this experiment, the combined treatment of OMF and PEF successfully kept salmon 

supercooling for 10 days, but the basic mechanism of ice nucleation during supercooling is unclear; 

Dalvi-Isfahan’s research in 2017 suggested that the combination of electric and magnetic fields 

could rearrange and relocate naturally occurring water molecules in food; therefore, this behavior 

recommends that EF and MF may inhibit the formation of ice nuclei during food freezing and lead 
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to food supercooling， which is also one of the existing research directions (Otero et al., 2016). 

At the same time, water molecules are affected by the electric field due to its dipole polarizability 

(Woo & Mujumdar, 2010); they will cause realignment and repositioning, so the redistribution of 

hydrogen bonds between molecules (Zhu et al., 2019), the effect of the magnetic field can affect 

the van der Waals force between water molecules. At the same time, the strength of the hydrogen 

bond will also increase or decrease (You et al., 2020), which affects the ice nucleus formed, to 

making the food supercooling. However, whether it is ice nucleus control or large-scale 

supercooling, there are high risks in the transition to commercialization and industrialization. The 

supercooling state is easily interrupted rapidly due to the influence of various environmental 

factors (Stonehouse & Evans 2015). The random formation of ice crystals also leads to a sharp 

drop in stability (James et al., 2015), which greatly reduces the repeatability of the experiment. 

Therefore, a wider range of combined effects of OMF and PEF should be studied in the follow-up 

research. At the same time, the variation range of the field strength and frequency of the electric 

field and magnetic field should be studied, because they will affect each other, and the degree of 

their mutual influences should be explored to ensure a stable supercooling environment compatible 

with the combined design of existing refrigeration machines. (Kang et al., 2020). 

In conclusion, this experiment provides a new solution for the existing freezing storage of salmon 

with the potential to extend the shelf life. When carrying out related experiments in the future, it 

is necessary to consider detecting changes in other unconsidered aspects of food samples, such as 

odor changes. Therefore, the use of gas chromatography should be considered as a part of future 

experiments. At the same time, the microbial safety of supercooling food should also be considered. 

To sum up, in the future, related experiments should consider expanding the scale of the 

experiment and increasing the sample size to promote further research in related experiments to 
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understand the precise mechanism of the combined effect of OMF and PEF on food supercooling, 

to achieve commercialization. 
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