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ABSTRACT 

The use of cold storage is the most popular method to preserve highly perishable foods, 

such as beef and fish. However, at refrigeration temperatures the shelf life of these foods are 

limited, and spoilage leads to massive food waste. Moreover, freezing significantly affects the 

food’s properties. Ice crystallization and growth during freezing will cause irreversible textural 

damage to the food through volumetric expansion, moisture migration by induced osmotic 

pressure gradients, and freeze concentration of solutes leading to protein denaturation. Although 

freezing will preserve perishable foods for months, these disruptive changes decrease the 

consumer’s perception of the food’s quality. Therefore, the development and testing of new and 

improved cold storage technologies is a worth-while pursuit. 

 In this study, a previously developed technique that used a combination of pulsed electric 

fields (PEF) and oscillating magnetic fields (OMF) to preserve a food at temperatures below its 

equilibrium freezing point without internal ice formation occurring was improved upon and 

subsequently tested. The process of maintaining a food product unfrozen below its equilibrium 

freezing temperature is known as supercooling. Beef and tuna were tested with the combination 

PEF and OMF supercooling procedure. These foods were chosen because they are considerably 

valued by consumers, highly perishable, and have fairly uniform compositions.  

 In the first part of this study, beef was preserved in its supercooled state (-4ºC) for 2 

weeks. Its quality aspects were tested and compared with those of refrigerated (4ºC) and frozen 

(-10ºC) control samples periodically throughout the 2 week storage. It was found that significant 

color changes (p < 0.05) occurred in the refrigerated samples that did not occur when the beef 

was supercooled. The color changes were an indication of major spoilage. Furthermore, cell 

damage caused by ice crystals in the frozen beef was observed in both optical and transmission 
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electron micrographs, whereas ice damage was not seen in the micrographs of the supercooled 

samples. The cellular damage in the frozen samples led to significantly higher amounts of drip 

loss (p < 0.05) and significantly lower Warner-Bratzler shear values (p < 0.05) than in both the 

refrigerated and supercooled samples at each time point tested over the 2 week storage. It was 

concluded that the combination PEF and OMF supercooling procedure was suitable for improved 

preservation over refrigeration of beef without the damaging effects of ice formation and growth 

during freezing. 

 The second part of this study focused on testing the use of electrochemical impedance 

spectroscopy (EIS) in investigating physiochemical changes in sashimi grade ahi tuna after 8 

days of PEF and OMF supercooled storage at -3ºC. The EIS parameter Py was used in comparing 

refrigerated, supercooled, and frozen tuna samples. A decrease in Py correlates with a decrease in 

overall impedance. After all treatments, a significant decrease in Py was observed (p < 0.05). 

However, a more pronounced difference was found between the frozen-thawed samples (36.30 ± 

0.63%) and all other samples (>44%). This considerable decrease in impedance indicated the 

loss of capacitance which characterizes the destruction of cells. The supercooled samples did not 

display a drastic decrease in impedance, and, from that, it could further be concluded that no 

cellular damage due to ice formation and growth occurred. EIS proved its ability to distinguish 

between samples that had and had not been frozen-thawed, however further investigations of 

electrode design must be done to optimize its use for detecting the onset of spoilage. Instead, the 

K value (a ratio of ATP-breakdown products) was used to assess the extent of spoilage in the 

tuna samples. A higher K value indicates a greater extent of spoilage. The K values of the frozen, 

supercooled, and refrigerated samples after 8 days of treatment were 19.89 ± 0.19, 26.00 ± 0.04, 

and 74.29 ± 0.73%, respectively. As with the beef, the combination PEF and OMF supercooling 
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procedure was suitable for improved preservation over refrigeration of tuna without the 

damaging effects of ice formation and growth during freezing.  

 This overall study produced a substantial extension of the supercooled state of perishable 

foods (beef and tuna) using a combination of PEF and OMF. Also, the overall results 

demonstrated the preservation ability of this supercooling technique to be advantageous over 

refrigeration without causing a significant decrease in textural integrity of the product, which 

was observed with freezing. Apart for proteinaceous foods (beef and fish), the quality of other 

perishable foods under cold storage would be greatly improved using this supercooling 

technology. Furthermore, as supercooling was found to have a sizable improvement over 

refrigeration on a perishable product’s shelf life, the implementation of supercooling areas in 

household and commercial refrigeration units would help in diminishing food waste. Currently, a 

commercially viable supercooling unit for all perishable food items is being developed and 

fabricated. The fabrication of such a unit includes circuitry integration of control logics as well 

as complete assimilation with a commercial freezer. The buildup of this technology will provide 

a meaningful improvement on cold storage of perishable foods, and will have significant impact 

on the refrigeration market as a whole.       
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CHAPTER 1 

INTRODUCTION & LITERATURE REVIEW 

 

 1.1. Introduction 

 As the global population continues to rise, the ability to produce, and maintain quality of, 

food has become an ever increasing crucial issue that many animal scientists, agriculturists, and 

food scientists face. With all the resources put into the production and quality control of food it is 

necessary to curtail the amount of food that is wasted. It is estimated that American households 

discard 211 kg of food waste per year, and of this waste the majority is perishable foods, like 

meats, which are lost due to poor cold storage (Parfitt, Barthel, & Macnaughton, 2010). Another 

study has claimed that 10% of food in American households is wasted which costs 

approximately $390/capita/year, and the USA overall $165.6 billion per year (Buzby & Hyman, 

2012). In the USA, as well as other developed countries, minimizing food waste is one of the 

primary goals, and is of utmost importance. 

 The use of cold storage for perishable foods, in particular muscle foods (beef and fish), is 

widely accepted as the best and most common way to preserve freshness and extend shelf life. 

Cold storage includes both refrigeration and freezing with recommended ambient temperatures 

of 4 and -18°C, respectively. The popularity of cold storage is due to the fact that the rate of 

spoilage mechanisms (microbial, chemical, and enzymatic) is highly temperature depended in 

that lowing the temperature significantly slows the reaction. In fact, many researchers have 

employed the Arrhenius equation (1.1) as a model for the effect of temperature on the rate of 

chemical and biological processes that lead to negative quality changes in foods (Peleg, 

Normand, & Corradini, 2012), given by: 
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𝑘 = 𝑘𝑜𝑒
−𝐸𝑎

𝑅𝑇⁄  

where k is the reaction rate constant (time-1), ko is a reference rate constant at some set condition 

(time-1), Ea is the reaction activation energy (J/mol), R is the ideal gas constant (J/mol-K), and T 

is the temperature (K). Taking the natural log of both sides of equation 1.1 yields: 

ln(𝑘) = ln(𝑘𝑜) − (
𝐸𝑎

𝑅⁄ )(1
𝑇⁄ ) 

making it clear that the rate of reaction, spoilage in the case of food, is inversely proportional to 

the food’s storage temperature, where Ea describes the extent of the temperature dependence.  

 At freezing temperatures, rates of reactions and microbial growth are slowed enough to 

safely store foods for extended periods of time. According to the U.S. Food and Drug 

Administration (FDA), fresh beef can be stored in a properly functioning freezer for 6-12 

months, and fresh fish can be stored for 2-6 months after purchase. Whereas fresh beef and fish 

should only be stored at refrigeration temperatures for 3-5 days and 1-2 days, respectively. 

Freezing foods is unequivocally advantageous over refrigeration for increasing a food’s shelf 

life, however freezing irreversibly affects the food’s properties. For instance, the volume 

expansion of ice may rupture cells within the food. Furthermore, a growing ice fraction in foods 

will concentrate solutes in the unfrozen phase leading to osmotic differences between 

intracellular and extracellular fluid. These osmotic gradients will cause moisture migration, and 

potentially protein denaturation, solute crystallization, and cell lysis. Thus, holding foods at very 

low temperatures and minimizing the negative effects of ice has been of interest to food 

scientists. The use of ultrasonic waves (Delgado, Zheng, & Sun, 2008; Hozumi, Saito, Okawa, & 

Matsui, 2002; Li & Sun, 2002), quick freezing using cryo-immersion or air blast (Agnelli & 

Mascheroni, 2001; Chevalier, Sequeira-Munoz, Le Bail, Simpson, & Ghoul, 2000a, 2000b; 

(1.1) 

(1.2) 
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Khadatkar, Kumar, & Pattanayak, 2004; Streeter & Spencer, 1973), shifts in pressure 

(Fernández, Otero, Martino, Molina-García, & Sanz, 2008; LeBail, Chevalier, Mussa, & Ghoul, 

2002; Otero, Martino, Zaritzky, Solas, & Sanz, 2000; Otero, Sanz, Guignon, & Sanz, 2012), and 

addition of proteins with antifreeze or ice nucleating properties (Davies & Sykes, 1997; Feeney 

& Yeh, 1998; Griffith & Ewart, 1995) are the techniques of consequence that have been 

employed to reduce the size of, and damage from, ice crystals in foods. Additionally, electric 

fields and magnetic fields have been investigated as for their impact on ice crystallization 

(Aragones, MacDowell, Siepmann, & Vega, 2011; Kitazawa, Ikezoe, Uetake, & Hirota, 2001; 

Orlowska, Havet, & Le-Bail, 2009; Petersen, Schneider, Rau, & Glasmacher, 2006; Shibkov, 

Golovin, Zheltov, Korolev, & Leonov, 2002; Woo & Mujumdar, 2010). Recently, the 

combination of pulsed electric fields and static magnetic fields has been shown to uniformly 

reduce the size of ice during freezing (Mok, Choi, Park, Lee, & Jun, 2015).  

 Chapters 2 and 3 investigate changes in the quality of beef and fish (tuna) after pulsed 

electric field (PEF) and oscillating magnetic field (OMF) assisted supercooled storage. 

Therefore, an understanding of freezing and quality changes during storage of meat and fish is 

meaningful. The below literature review addresses changes in quality factors of meat and fish 

during storage, the mechanism behind ice crystal nucleation and growth, and two methods for 

preservation which attempt to minimize or eliminate ice from subzero temperature food storage 

(superchilling and supercooling). Superchilling is a process where partial freezing occurs, and in 

supercooling no ice crystals form in the food product. Also, electrochemical impedance 

spectroscopy (EIS) as a tool for acquiring information about meat and fish quality is discussed as 

it was utilized as the primary method to assess physiochemical changes in the supercooled tuna 

of Chapter 3. 
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1.2. Literature Review 

 

1.2.1. Quality aspects of beef and fish during storage 

 The end of shelf life for perishable foods can be defined as the point where the food is no 

longer “fit” for sale or consumption. This means that the food: is going to be of high 

technological quality due to strong industrial standards, is guaranteed safe, and is authentic as no 

adulteration or improper description of the product has occurred (Monin, 1998). The effects 

leading to the end of shelf life in foods can be categorized as microbial, chemical, or sensorial in 

nature. Since unfitness for consumption is a somewhat vague idea many quality aspects such as 

pH, color, texture, microbial load, and end products of naturally occurring chemical reactions 

have been used to describe and quantify the end of shelf life for many foods. 

 Meat, lean animal muscle tissue, is particularly susceptible to spoilage due to its high 

moisture content and initial microbial load. Even at refrigeration temperatures, the shelf life of 

meat is limited by enzymatic and microbiological spoilage (Ashie, Smith, Simpson, & Haard, 

1996). Since fresh meat has a vast and varied amount of naturally present microbial flora, it is 

not surprising that the spoilage of meat is mainly a function of microbiological activity. 

Although the microorganisms responsible for the spoilage of meats, such as beef and fish, 

depend on ecological factors, Pseudomonas spp. and a few other Gram-negative psychrotrophic 

organisms will dominate at aerobic conditions and chill temperatures (Gram, Ravn, Rasch, 

Bruhn, Christensen, & Givskov, 2002). The growth of these spoilage bacteria means an increase 

in their metabolites, which are the primary reason for rendering the meat unfit for consumption.   

 During aging and spoilage of beef there are many noticeable changes that can be 

measured and quantified to assess its fitness for use. Of these changes, those most often 
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measured include: color, texture, pH, oxidation of lipids, and off-flavors and -odors. 

Discoloration during storage can be caused by two mechanisms creating either a brown or green 

pigment in the beef. Oxidation of ferrous myoglobin, the iron-protein complex responsible for 

beef color, to ferric metmyoglobin results in surface browning (Mancini & Hunt, 2005). 

Whereas, the green color formation in beef is due to bacterial production of hydrogen sulphide 

which converts the myoglobin complex to green sulphmyoglobin (Borch, Kant-Muermans, & 

Blixt, 1996). Along with discoloration, endogenous and microbial derived enzymes breakdown 

the stored beef leading to tenderization of the muscle and alteration of muscle protein charges 

causing an overall increase in pH (Livisay, Xiong, & Moody, 1996).  

 Secondary to microbial spoilage, oxidation of lipids in beef will lead to rancidity causing 

undesired flavor and odor changes. These flavors and odors are often characterized through the 

use of trained sensory panels or instrumentally by gas chromatography. Lipid oxidation occurs 

through a set of complex auto-propagating reactions and is a function of oxygen concentration, 

degree of lipid unsaturation, and the presence of pro-oxidant catalysts. Methods of analyzing the 

extent of lipid oxidation often involve quantification of the resulting carbonyl products. The use 

of Ultraviolet-visible (UV-vis) light spectroscopy to indirectly quantify malondialdehyde 

(MDA), the most abundant secondary by-product of lipid oxidation, after its reaction with 

thiobarbituric acid (TBA) resulting in a colored MDA-TBA complex is popular because of its 

speed and simplicity (Barriuso, Astiasarán, & Ansorena, 2012). The reaction between MDA and 

TBA is shown in Fig. 1.1. 
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 Fish undergo many of the same unwanted sensorial changes during storage as beef. Apart 

from microbial and sensorial analysis to assess the state of spoilage in fish, the quantification of 

chemical compounds related to flavors and odors is common. Measurable nitrogenous 

compounds like trimethylamine (TMA-N) and molecular low weight volatile bases (TVB-N) are 

produced by the activity of bacteria and are often used as spoilage indices (Ocaño-Higuera, 

Marquez-Ríos, Canizales-Dávila, Castillo-Yáñez, Pacheco-Aguilar, Lugo-Sánchez, & Graciano-

Verdugo, 2009). Yet, concentrations of adenosine triphosphate (ATP) and its breakdown 

products are considered to be the most reliable and useful indicators of spoilage. Levels of ATP 

rapidly decrease after a fish is caught. ATP is converted to inosine-5’-monophosphate (IMP), a 

compound perceived as freshness (Özogul, Taylor, Quantick, & Özogul, 2000). During storage, 

IMP undergoes degradation ultimately to hypoxanthine (Hx), which has a bitter flavor, and is 

considered a marker of spoilage. 

 The extension of shelf life for beef and fish can be achieved through various preservation 

techniques, however cold storage is often preferred as it requires minimal processing. Low 

temperatures will decrease the rate of spoilage, but freezing the product causes solute changes 

and structural damage due to ice crystal formation. The fundamentals of classical ice nucleation 

theory must be addressed before ice crystal manipulations can be attempted.  

Fig. 1.1. Reaction between TBA and MDA to form the TBA pigment (J. Fernández, Pérez-

Álvarez, & Fernández-López, 1997). 
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1.2.2. Ice crystal nucleation and growth 

 When there are changes in the state of a food system, such as temperature or pressure, a 

new phase may be formed. As a food is cooled to below its melting point, or equilibrium 

freezing temperature, water within that food will undergo a phase change from liquid to solid. 

The equilibrium freezing temperature of food is somewhat lower than that of pure water due to 

dissolved solids in the food’s liquid portion. Once the internal temperature of the food is lowered 

below its equilibrium freezing temperature, a complete phase change from fresh to frozen should 

occur. However, the phase change from fresh to frozen does not happen immediately after the 

food’s temperature is below its equilibrium freezing temperature. In fact, sometimes the internal 

temperature of the food must reach well below its equilibrium freezing temperature before 

undergoing a phase change. This can be explained through a series of equations describing the 

phase transformation phenomenon (Walstra, 2003; Kiani & Sun, 2011). The Gibbs free energy 

change of phase transformation (∆trG) is defined as: 

∆𝑡𝑟𝐺 = ∆𝑡𝑟𝐻(1 − 𝑇
𝑇𝑒𝑞

⁄ ) 

where ∆trH is the enthalpy change of phase transformation (J/m3), T is the temperature (K), and 

Teq is the equilibrium phase transformation temperature. Since ∆trH is a positive quantity it 

would seem from Equation 1.3 that a phase change would be favored as soon as T < Teq, but for a 

phase change to occur an interface must be created between phases adding to the energy 

requirement. The free energy for a spherical embryo of ice to occur (∆Gemb) is defined by: 

∆𝐺𝑒𝑚𝑏 =
4

3
𝜋𝑟3∆𝑡𝑟𝐺 + 4𝜋𝑟2∆𝑠𝐺 

(1.3) 

(1.4) 
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where r is the radius of the ice embryo (m), and ∆𝑠𝐺 is the interfacial free energy (J/m2). The 

interfacial free energy is equal to the interfacial tension ᵞ, and thus Equation 1.4 can be written 

as: 

∆𝐺𝑒𝑚𝑏 =
4

3
𝜋𝑟3∆𝑡𝑟𝐻(1 − 𝑇

𝑇𝑒𝑞
⁄ ) + 4𝜋𝑟2γ . 

A spherical embryo of ice forms frequently below the equilibrium freezing temperature, however 

it will simply dissolve if a critical radius is not achieved so as to reduce the free energy of the 

system (Damodaran, Parkin, & Fennema, 2008). To find the critical radius for ice nucleation, the 

derivative of Equation 1.5 in terms of r must be taken and the result set to zero, which is the 

maximum free energy for a spherical embryo of ice to occur. Therefore, the critical radius (rcr) is 

defined as: 

𝑟𝑐𝑟 = −
2𝛾

∆𝑡𝑟𝐻(1 − 𝑇
𝑇𝑒𝑞

⁄ )
 

and the maximum free energy change needed for ice nucleation (∆Gmax) is defined as: 

∆𝐺𝑚𝑎𝑥 =
16𝜋𝛾3

3[∆𝑡𝑟𝐻(1−𝑇
𝑇𝑒𝑞

⁄ )]2
=

4

3
𝜋𝑟𝑐𝑟

2 𝛾. 

From Equation 1.7, it is concluded that the free energy change needed for ice nucleation to occur 

is dependent on temperature, which is correlated to the size of the critical radius for the spherical 

ice embryo. In Fig. 1.2, ∆Gmax and rcr will decrease as temperature is lowered further below the 

equilibrium freezing temperature. Furthermore, rcr is significantly reduced in a heterogeneous 

system (food), as there are many particulates that act as templates for nucleation. 

(1.5) 

(1.6) 

(1.7) 
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 Fig. 1.3 shows a typical cooling curve of a homogeneous material. In Fig. 1.3, the 

material is cooled below its equilibrium freezing temperature without freezing, where it is in a 

metastable state known as the supercooled state. Ice nucleation inevitably occurs, denoted by a 

sudden increase in temperature. This sudden increase in temperature is due to localized release of 

the latent heat of fusion (Hf) for the phase change. The temperature remains constant as ice 

crystal growth continues and more latent heat is removed. The rate of heat removal during this 

step is known to affect the ice crystal size significantly (Kiani & Sun, 2011). Once the ice 

crystals have reached their maximum size (most water has been transformed to ice), sensible heat 

will be removed until the temperature of the material equilibrates with the ambient temperature.  

Fig. 1.2. The excess free energy, ∆Gemb, of a spherical embryo of a new phase as a function 

of embryo radius r for two cases: supercooling by 10 or 20 K. T is temperature and kb is the 

rate constant for nucleation (Walstra, 2003). 
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1.2.3. Superchilling 

 Since spoilage of fresh foods is highly dependent on the temperature at which they are 

stored, and the growth of ice crystals at freezing temperatures create significant irreversible 

damage to the food’s texture, there has been considerable research on minimizing ice damage. 

One important technique is known as superchilling. Superchilling is a process that combines low 

temperature storage with the conversion of some water into ice, which makes it less available for 

deteriorative reactions (Kaale, Eikevik, Rustad, & Kolsaker, 2011). The low storage temperature 

delays the growth of many spoilage microorganisms, and as only some water contained in the 

food product is transformed into ice, less textural damages due to crystal growth should occur. 

Although it was described as early as 1920 in a patent by le Danois (Stevik, Duun, Rustad, 

O’Farrell, Schulerud, & Ottestad, 2010), superchilling is currently emerging, especially in 

European countries, as an alternative to freezing as a means of extending the shelf life of 

perishable foods. 

Time 

Fig. 1.3. An example of a typical cooling curve of a homogeneous material. 
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 The superchilling process involves rapidly cooling a food in a freezer at a temperature of 

-20 to -30 ºC until the food’s internal temperature reaches approximately 1-2ºC below its 

equilibrium freezing point. The food is subsequently stored at that temperature with minimal 

temperature fluctuations. The rapid cooling process ensures small and uniform ice crystals 

approximately 1-3 mm from the surface of the product and no ice on its interior (Kaale & 

Eikevik, 2014). This surface layer of ice acts to protect the product from oxygen induced 

changes, such as lipid and protein oxidation. Furthermore, because only the surface is 

transformed to ice, cold is accumulated within the product acting as a heat sink protecting against 

large temperature fluctuations during storage (Magnussen, Haugland, Torstveit Hemmingsen, 

Johansen, & Nordtvedt, 2008). However, if processing conditions leading to a stable 

superchilling storage temperature are not met temperature fluctuations will cause changes in ice 

morphology, namely Oswald ripening, leading to large ice crystals that will significantly damage 

the product.    

 Superchilling has mostly been applied to fish due to the highly perishable nature, and the 

notable damage ice causes to texture, of fish. In superchilling, 5-30% of water in the fish will be 

converted to ice (Wu, Yuan, Ye, Hu, Chen, & Liu, 2014). Through the combination of partial ice 

formation and low temperatures during superchilling researchers have found significant increases 

in acceptable storage length for fish. Olafsdottir, Lauzon, Martinsdóttir, Oehlenschláuger, and 

Kristbergsson found that superchilled cod fillets were still considered acceptably marketable 

after 15 days of storage (2006). Also, fresh salmon fillets were found to maintain their 

acceptability for 9 to 17 days when preserved by superchilling (Duun & Rustad, 2008; Gallart-

Jornet, Rustad, Barat, Fito, & Escriche, 2007). Overall, it can be concluded that when 

implementing superchilling technology there will be an increase in shelf life of at least 1.4-4 
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times compared to traditional chilling (Magnussen, Haugland, Torstveit Hemmingsen, Johansen, 

& Nordtvedt, 2008). 

 

1.2.4. Supercooling 

 When the internal temperature of a food is below its equilibrium freezing point before ice 

nucleation has occurred it is said to be in the supercooled state. The process of supercooling 

foods is advantageous over superchilling as, unlike superchilling, no ice is present thus the food 

completely maintains its fresh textural integrity. Though, little has been done in creative efforts 

to maintain foods in their supercooled state throughout cold storage. The supercooled state is 

very unstable and ice nucleation is stochastic in nature. Strict temperature control has been the 

most utilize technique for supercooling processes. Even with strict temperature control and little 

temperature fluctuations during storage ice crystallization can occur. Furthermore, any physical 

vibration can stimulate the onset of ice nucleation. The difficult nature of maintaining the 

supercooled state of a material is why more research has been reported on superchilling (partial 

freezing) than supercooling.  

 James, Seignemartin, and James (2009) investigated the innate ability of various 

vegetables to be stored in a supercooled state through the use of a near static air environment. 

They concluded that some vegetables, such as garlic and shallots, can be stored at a temperature 

significantly below their equilibrium freezing point for weeks without freezing. Also, an attempt 

was made to extend supercooling in oranges and other citrus fruits through immersion in a glycol 

bath at -20°C (Chen, 1986). Using this method, the fruit was found to freeze at a significantly 

lower temperature, but after a certain amount of time the fruit would still inevitably freeze. A 

supercooling study by Fukuma, Yamane, Itoh, Tsukamasa, and Ando showed an extension of the 
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supercooled state as well as a lowered ice nucleation temperature when different fish samples 

were cooled slowly, 0.5°C per day, and found that softening of the fish meat was delayed by this 

treatment (2012). Supercooling treatments have shown obvious benefits over other storage 

methods, but because of the difficulty of achieving a maintained supercooled state it may only be 

pragmatically suitable for premium products such as meats and fish (Stonehouse & Evans, 

2015). 

 

1.2.5. Electrochemical impedance spectroscopy 

 There have been many methods to describe the aging and spoilage of perishable foods 

such as meats and fish. Many of these methods rely on physical or chemical measurements 

which can be tedious and time consuming. Moreover, some methodologies can get quite 

complex and require in-depth knowledge of laboratory procedures and chemical safety. 

Therefore, electrical properties of foods have long been investigated as indicators of quality 

deviations. Specifically, EIS has been used because impedance measurements are simple, rapid, 

straightforward, and the equipment is affordable (Pliquett, 2010). 

 When a direct current (I) passes through a material there is a voltage (V) drop 

proportional to the resistance (R) of the material as described by Ohm’s law: 

𝑅 = 𝑉
𝐼⁄ . 

However, when an alternating current is applied the effects of inductance and capacitance must 

be considered. Thus, impedance (Z) includes these effects and is the resistance equivalent in 

Ohm’s law for alternating currents. Reactance is defined as the non-resistive imaginary 

component of impedance and comprises the effects of inductance and capacitance. Impedance 

can then mathematically be written as (Chang & Park, 2010): 

(1.8) 
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𝑍 = 𝑅 + 𝑗𝑋 = 𝑍′ + 𝑗𝑍′′ 

where R is the resistance (Ω), and X is the reactance (Ω). Since impedance is dependent on the 

frequency of the current passing through the material, measurements of impedance over a range 

of frequencies is the basis of EIS. In EIS, a small sinusoidal excitation signal is applied to the 

material. The current response after passing through the material will have a shift in phase angle 

and amplitude which describe the impedance. A popular way to display impedance information 

is through graphs of phase angle shifts and amplitude changes vs. applied frequency (Bode 

plots). Though, a Nyquist plot is a better representation because it includes both phase angle shift 

and amplitude change information within the same graph. A Nyquist plot is of the resistance (Z’) 

vs. the reactance (Z”) over the tested range of frequencies. Fig. 1.4 shows a representative 

Nyquist plot.     

  

 Biological material, like foods, can be thought of simply as cells suspended in 

extracellular fluid, where intra- and extracellular fluids have resistive characteristics and cell 

HIGH LOW 

Frequency 

(1.9) 

Fig. 1.4. Example of a Nyquist plot obtained by electrochemical impedance spectroscopy. 

The direction of the frequency applied is indicated on the graph (Chang & Park, 2010). 
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membranes can act as small capacitors with reactive characteristics (Bauchot, Harker, & Arnold, 

2000). Therefore taking the electrochemical impedance spectrum of a food can give information 

about a change to its microstructure. In fact, many studies have used EIS to probe the 

microstructure of foods during the dehydration process (Ando, Mizutani, & Wakatsuki, 2014; 

Chee, Rungraeng, Han, & Jun, 2014). EIS has also been used in attempts to detect the onset of 

spoilage during aging of meats (Damez, Clerjon, Abouelkaram, & Lepetit, 2008; Guermazi, 

Troltzsch, Kanoun, & Derbel, 2011; Niu & Lee, 2000; Oliver, Gobantes, Arnau, Elvira, Riu, 

Grèbol, & Monfort, 2001; Zhang, Shen, & Luo, 2011). Furthermore, investigations of EIS as a 

technique to differentiate fresh and frozen-thawed products has proven fruitful (Fernández-

Segovia, Fuentes, Aliño, Masot, Alcañiz, & Barat, 2012; Fuentes, Masot, Fernández-Segovia, 

Ruiz-Rico, Alcañiz, & Barat, 2013; Vidaček, Medić, Botka-Petrak, Nežak, & Petrak, 2008; Wu, 

Ogawa, & Tagawa, 2008). From the review of these studies, it was concluded that EIS could be a 

potentially useful tool to help understand changes that may occur in a food product during the 

application of a novel supercooling process. 

 

1.3. Conclusion and Thesis Overview 

 Through an investigation of reported quality changes in perishable foods (beef and fish) 

during storage, and unique ways (superchilling and supercooling) to maintain their fresh-like 

integrity, it is clear that there is room for cold preservation improvement. Preserving at a lower 

temperature without the formation of ice is an obvious challenge, but one new technologies for 

cold preservation should address. Furthermore, with any new preservation technique, it is 

important to thoroughly probe and measure the quality of the food subjected to that treatment. 

EIS has shown a promising ability to analyze structural changes within a food product, such as 



16 

 

differentiating between fresh and frozen-thawed, and would be a useful way to deeper 

understand the impact on perishable foods of a novel cold  preservation technique.   

 The intension of this research was to investigate quality changes in beef and tuna during 

their storage in a unique preservation method that uses a combination of pulsed electric fields 

and oscillating magnetic fields to maintain the product in the supercooled state. Beef and tuna 

were selected for enhanced preservation through supercooling because they are highly valued 

perishable foods. The second chapter of this thesis was specifically aimed at following changes 

in quality factors of beef during a 2 week storage period under the combination PEF and OMF 

supercooling treatment, and comparing the novel treatment to freezing and refrigeration in terms 

of these quality factors. In the third chapter, EIS was used to probe bioimpedance changes in 

sashimi grade ahi tuna after 8 days of PEF and OMF assisted supercooled storage. The K value, 

a defined ratio of ATP and its breakdown products, for the supercooled tuna was also obtained 

through the use of high performance liquid chromatography (HPLC) to quantitatively compare 

the extent of spoilage to that of tuna held under both refrigeration and freezing conditions.  
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CHAPTER 2 

EXTENSION OF THE SUPERCOOLED STATE IN BEEF USING PULSED ELECTRIC 

FIELDS (PEF) AND OSCILLATING MAGNETIC FIELDS (OMF) AS A NOVEL 

PRESERVATION TECHNIQUE 

 

2.1. Abstract 

Freezing is one of the most popular preservation techniques for a variety of foods because 

of its ability to inhibit spoilage agents while maintaining the majority of the fresh food product’s 

organoleptic qualities. However, ice crystal formation and growth during storage at subzero 

temperatures cause quality deviations from fresh products to occur. Therefore the control of ice 

crystal formation, or growth, in foods stored at below freezing temperatures is paramount to 

minimize or eliminate such deviations.  

In this study, a combination of pulsed electric fields (PEF) and oscillating magnetic fields 

(OMF) was used to achieve an extension of the supercooled state in beef (London broil) with an 

internal temperature at -4°C, approximately two degrees below its freezing point, for up to 2 

weeks. Red meat is considered a premium product that is easily perishable and for those reasons 

it was chosen as the food for this study.  

Quality assessment factors like drip loss, texture, color, and lipid oxidation for 

supercooled beef samples were evaluated after 1, 3, 7 and 14 days of treatment, and were 

compared to those of refrigerated and frozen beef held for the same length of time. It was found 

that significant color changes (p < 0.05) occurred in the refrigerated samples and did not occur 

when the beef was supercooled. Also, the major drip loss due to cell damage which occurred 

during the freezing process was not seen in the supercooled samples. This cell damage was 
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visualized through optical and transmission electron micrographs. Furthermore, the ice damage 

caused the Warner-Bratzler shear force value in the frozen samples to be significantly lower than 

in the supercooled and refrigerated samples (p < 0.05). Thus, the PEF and OMF supercooling 

procedure was found to maintain fresh beef qualities for up to 2 weeks, suggesting this novel 

preservation technique may be utilized to extend the shelf life of perishable foods. 

 

2.2. Introduction 

Overall meat consumption in developed countries has steadily risen over the past century. 

In the United States there has been a slight decrease in red meat consumption and an increase in 

chicken consumption in the past few decades due to dietary concerns. Nevertheless, red meat 

continues to be, by far, the major contributor to the U.S. total meat consumption as the 

population eats approximately 85 g/cap/day (Daniel, Cross, Koebnick, & Sinha, 2011). Since 

fresh meat is a highly perishable commodity, much of it gets wasted at the consumer level due to 

unfit storage conditions and the purchasing of large quantities that spoil before being eaten 

(Foley, Ramankutty, Brauman, Cassidy, Gerber, Johnston, & Zaks, 2011). 

 Food is defined as spoiled when any change renders it unacceptable to the consumer from 

a sensory stand point (Borch, Kant-Muermans, & Blixt, 1996). The most common cause of 

spoilage in red meat is due to the growth of microorganisms, namely Pseudamonas species, at its 

surface (Huis in’t Veld, 1996). As spoilage organisms grow they produce metabolites which are 

perceived as off-flavors, off-odors, or cause color and textural changes. Furthermore, during 

storage, proteolytic microorganisms utilize enzymatic reactions to notably alter the meat’s 

original texture (Nychas, Skandamis, Tassou, & Koutsoumanis, 2008). Apart from microbial 

activity, the major contributor to spoilage, lipid oxidation is a serious deterioration reaction 
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which manifests as a significant loss in meat quality. Numerous factors are involved affecting 

the extent of lipid oxidation which include exposure to light, oxygen concentration, temperature, 

presence of anti- and pro-oxidants, degree of unsaturation of the fatty acids involved, and the 

presence of enzymes (Jakobsen & Bertelsen, 2000).   

 The rate of spoilage in meat is governed by many intrinsic and extrinsic factors, but it is 

well agreed upon that a low storage temperature is the most effective means to retard bacterial 

growth, and slow enzymatic and chemical reactions (Gould, 1996; Gram, Ravn, Rasch, Bruhn, 

Christensen, & Givskov, 2002; Koutsoumanis, Stamatiou, Skandamis, & Nychas, 2006; 

McMeekin & Ross, 1996). As storage temperature is reduced, water within stored meat will 

inevitably undergo a phase change to ice. Although the rate of spoilage of meat is reduced at, or 

below, freezing temperatures, the presence of large ice crystals create irreversible structural 

changes to the product. As water freezes within meat, physical and osmotic induced damages 

occur that affect cell membrane characteristics, which in turn affects its overall quality 

(Leygonie, Britz, & Hoffman, 2012).    

 Many techniques have been utilized to lessen the damage done to the physical structure 

of meats by ice crystals during freezing. All of these techniques involve using external factors to 

manipulate the size and distribution of ice crystals. For example, abrupt shifts in pressure have 

been employed to create small uniform ice crystals throughout the product (Fernández-Martín, 

Otero, Solas, & Sanz, 2000; LeBail, Chevalier, Mussa, & Ghoul, 2002). Also, the addition of ice 

structuring proteins derived from biological materials to foods has the potential to reduce the 

size of ice crystals (Venketesh & Dayananda, 2008). Recently, it has been shown that a 

combination of magnetic and electric fields have a significant impact on reducing the size of ice 

crystals (Mok, Choi, Park, Lee, & Jun, 2015).  
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 In this study, PEF and OMF in combination were utilized to impede the formation of ice 

in beef held below its freezing point for 2 weeks. Quality factors the supercooled beef were 

evaluated throughout the storage, and were compared with those of frozen and refrigerated beef. 

Transmission electron microscopy (TEM) and optical microscopy were used to observe potential 

changes to the microstructure of the PEF and OMF treated beef. 

 

2.3. Materials and Methods 

 

2.3.1. Sample preparation 

 Samples of beef (London broil) were purchased at various retail stores. A London broil 

cut was chosen because it has an approximate uniform consistency. The day of purchase was 

considered day 0 in this study. Fresh samples (38.96 ± 2.04 g) were cut to fit into a clear acrylic 

holder (4 × 4 × 4 cm), equipped with a set of parallel electrodes. Control samples of 

approximately equal shape and weight were placed in acrylic holders without electrodes and set 

in either a refrigerator or freezer at 4 and -10°C, respectively. All samples and controls were 

covered with polyethylene (PE) film to avoid dehydration during experiments. Quality factors of 

samples and controls were analyzed at day 0, 1, 3, 7, and 14. The 14 day PEF and OMF 

supercooling treatment was performed in duplicate. All other treatments were done in triplicate. 

 

2.3.2. PEF and OMF supercooling treatment 

 In order to maintain the supercooled state for an extended period of time, a system to 

supply a PEF and an OMF as previously researched for chicken (Mok, 2013) was fabricated 

(Fig. 2.1 (a)). The major differences between the current setup and Mok’s being the use of two 

electromagnets instead of one permanent magnet and one electromagnet. The use of two 
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electromagnets gives the applied magnetic field the ability to fully oscillate, whereas the 

combination of magnet type will always have the direction of the magnetic force vector dictated 

by the permanent magnet. Furthermore, the duration of the applied OMF treatment was doubled 

because the weaker magnetic strength produced by the two electromagnets was not sufficient to 

maintain the beef in a supercooled state. The current combination PEF and OMF supercooling 

treatment details were as followed: 

 The beef sample to be supercooled was placed between two electromagnets, made and 

connected with copper wire (23 AWG, EIS, Inc., Atlanta, GA). Each electromagnet contained an 

iron core (EFI Specialty Metals, LLC., Los Alamitos, CA) and an alternating current was 

applied to achieve a field intensity ranging between -75 to 75 mT at the electromagnet surface as 

measured using a handheld teslameter (4060.50 AE Teslameter, Frederiksen, Inc., Ølgod, 

Denmark). The PEF was delivered to the beef sample via side electrodes made with 0.01 mm 

thick 99.6% titanium foil (GalliumSource, LLC., Scotts Valley, CA) attached to the side walls of 

the acrylic sample holder. The sample was oriented so that the PEF was orthogonal to the OMF. 

The entire device was placed in a 7.1 cu ft chest freezer (Haier, Qingdao, China). The 

temperature of the freezer was set to -10°C and controlled using a digital temperature controller 

(D1S -2R-220, SESTOS Electronics H.K., Hong Kong). 
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 The PEF and OMF were each generated using an integrated-gate-bipolar-transistor 

(IGBT, IRAMX20UP60A, International Rectifier, El Segundo, CA) based power supply. 

Function generators (33220A, Agilent Technologies, Santa Clara, CA) were used to control the 

waveforms given to the PEF and OMF outputs. All data (temperature, voltage, current) were 

collected using a data acquisition unit (DAQ, Agilent 39704A, Agilent Technologies, Inc., Santa 

Clara, CA) at a scanning frequency of 10 sec. Temperatures of samples were collected in real 

time using T-type thermocouple wire (TT-T-40-SLE, Omega Engineering, Inc., Stamford, CT). 

 The degree of supercooling at which the beef samples were held during treatment was 

controlled using a repeating sequence of three different duty cycles (0.8, 0.5, and 0.2) for the 

(a) 

(b) 

Fig. 2.1. Diagram of the PEF and OMF system. (a) The combination PEF and OMF 

supercooling device to be placed within the freezer. (b) Outline of the PEF and OMF control. 
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PEF (Mok, 2013). The time durations of duty cycles were 300 sec, 120 sec, and 120 sec. The 

duty cycle sequence was repeated during the entire time the beef spent in the supercooled state. 

The input voltage was set, through trial and error, to 5 Vrms with a frequency of 20 kHz in order 

to keep the internal temperature of the beef at approximately -4°C throughout the entire storage 

period. The applied voltage and frequency of the OMF was 95 Vrms and 1 Hz, respectively. Since 

the high voltage increased the temperature of the electromagnets substantially and the duty cycle 

of 0.2 PEF treatment was not sufficient to suppress ice nucleation, the OMF was only applied 

with the PEF of duty cycle 0.2. Thus, the PEF treatment was mild as not to increase the 

temperature of the beef. However, when the PEF was applied at the onset of cooling, the cooling 

rate of the beef was slowed. Therefore, the OMF was solely applied until the internal 

temperature of the beef reached just below its equilibrium freezing point (-1.8°C). The overall 

supercooling procedure is shown in Fig. 2.1 (b). The OMF treatment is referred to as Phase 1, 

and the PEF and OMF combination treatment is referred to as Phase 2 of the overall 

supercooling procedure. A software program was written (Labview, National Instruments 

Corporation, Austin, TX) to control all OMF and PEF logics, as well as to handle all acquired 

data during the experiments (see Appendix). 

 

2.3.3. Drip loss 

 The drip loss of samples after storage was measured with a commonly used method 

(Thyholt & Isaksson, 1997). Directly after cutting, fresh meat samples were initially weighed 

and recorded. The samples weights were again recorded after each treatment. Before weighing 

post treatment, excess drip was removed with a paper towel. The frozen samples were thawed at 
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4°C for 24 hrs before their final weights were recorded. Drip loss was calculated as a percentage 

of the original weight: 

𝐷𝑟𝑖𝑝 𝑙𝑜𝑠𝑠 (%) =
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑓𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡
× 100 

 

2.3.4. Instrumental color measurement 

 Instrumental color measurements were recorded for CIE L* (lightness; 0: black, 100: 

white), a* (redness/greenness; positive values: red, negative values: green), and b* 

(yellowness/blueness; positive values: yellow, negative values: blue) using a handheld 

colorimeter (ColorTec PCM, Clinton, NJ). The overall color change (ΔE) was calculated using 

the equation: 

∆𝐸 = √(𝐿1
∗ − 𝐿2

∗ )2 + (𝑎1
∗ − 𝑎2

∗)2 + (𝑏1
∗ − 𝑏2

∗)2. 

Subscripts 1 and 2 indicate the color components before and after the treatment, respectively. 

Measurements were taken at four different locations on the sample, and the average was 

calculated. 

 

2.3.5. Lipid oxidation 

 Lipid oxidation consists of a complex chain of reactions that yield peroxides as primary 

breakdown products, and with further exposure to oxidative conditions will produce secondary 

products which are responsible for a negative flavor change in foods. Malondialdehyde (MDA) 

is one of the most commonly used markers of secondary products from lipid oxidation due to its 

ability to form a red colored complex with thiobarbituric acid (TBA), which can be measured 

using spectrophotometry (Barriuso, Astiasarán, & Ansorena, 2012).  

(2.1) 

(2.2) 
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 The amounts of MDA in the beef samples were determined by using a modified 

procedure (Mcdonald & Hultin, 1987). From each beef sample, 1 g was homogenized with 10 

ml of deionized water in 16.5 × 14.9 cm plastic bags (ZipLoc, SC Johnson, USA). An aliquot of 

the homogenized mixture (1 ml) was added to 2 ml of trichloroacetic acid/thiobarbituric acid 

(TCA/TBA) and 3 ml of 2% butylated hydroxytoluene (BHT) (w/v) in ethyl alcohol. The 

TCA/TBA solution was 15% TCA (w/v) and 0.375% TBA (w/v) in 0.25 M HCl. The mixture 

was vortexed and set in a water bath for 15 min at 90°C. After cooling to room temperature, the 

mixture was centrifuged for 15 min at 1000 × g. The absorbance at 532 nm of the supernatant 

was obtained using a visible spectrophotometer (Thermo Scientific GENESYS20, Thermo 

Fisher Scientific, Inc., Rochester, NY). The extent of lipid oxidation for each sample was 

calculated using 1.56 × 105 M-1cm-1 as the molar extinction coefficient, and was expressed as mg 

MDA per kg of meat. All measurements of lipid oxidation were done in triplicate. 

 

2.3.6. Warner-Bratzler shear force 

 Treated and control beef  samples were individually cooked, and the Warner-Bratzler 

shear force test was applied according to a previously described method with few adjustments 

(Honikel, 1998). The samples were placed in 16.5 × 14.9 cm plastic bags (ZipLoc, SC Johnson, 

USA) and submerged in a water bath at 75°C. The internal temperature of the samples was 

monitored using K-type thermocouple wire (K-type, PP-K-24S, Omega Engineering, Inc., 

Stamford, CT), and cooking was stopped when it reached 75°C. After cooking, samples were 

immediately cooled in an ice water bath until their internal temperature reached 20°C. The 

samples were then cut into 1 × 1 × 3 cm strips. The maximum peak force (N) for complete shear 

of the samples perpendicular to the direction of their muscle fibers was measured using a 
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Mecmesin Warner-Bratzler shear force machine (G-R Manufacturing Co., Manhattan, KS) with 

a cross-head speed of 5 mm/sec. Four measurements were done for each sample. 

 

2.3.7. Microscopic analysis 

 Uncooked beef samples were cut into approximately 1.5 × 1.5 × 3 mm strips. The 

samples were then fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 

for 4 hrs, washed in 0.1 M cacodylate for 2 × 30 min, followed by postfixation with 1% OsO4 in 

0.1 M cacodylate buffer for 2 hrs. Tissues were dehydrated in a graded ethanol series (30%, 

50%, 70%, 85%, 95%, and 100%) where they were soaked at each percent ethanol for 3 × 30 

min, and substituted with propylene oxide where they were stored overnight. Following the 

change of the propylene oxide 2 × 30 min, the samples were embedded in LX112 epoxy resin, 

which was polymerized at 60°C for three days.  

Thin (1 μm) sections were obtained with glass knives and ultrathin (60-80 nm) sections 

were obtained with a diamond knife on an RMC Powertome ultramicrotome, collected on bare 

copper mesh or Formvar-coated slot grids, double stained with uranyl acetate and lead citrate, 

viewed on a Hitachi HT7700 TEM at 100 kV, and photographed with an AMT 2k x 2k CCD 

camera.   

The thin sections were stained with Richardson’s stain and further examined on an 

Olympus BX51 upright compound microscope. Images were recorded with an Optronics 

Marcrofire SP CCD camera. 

Macrostructure images of the beef samples were taken at room temperature with a Canon 

EOS Rebel T3i digital SLR camera. 
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Both TEM and optical microscope images were analyzed using picture analysis software 

(ImageJ, National Institute of Health). The percentage area of intercellular space was calculated 

from three micrographs of every treatment at each magnification used. 

 

2.3.8. Statistical analysis 

 The differences between quality factors measured for fresh, frozen, and supercooled 

samples at each storage time were analyzed using ANOVA at a significance level of 95%. The 

statistical analysis was done by means of the software JMP Pro 11 (SAS, Cary, NC) and graphs 

were made using Microsoft Excel (Microsoft, Redmond, WA) and SigmaPlot (Systat Software, 

San Jose, CA). 

 

2.4. Results and Discussion 

 

2.4.1. PEF and OMF supercooling treatment 

 The cooling curves of the supercooled and the frozen beef are shown in Fig. 2.2. The 

equilibrium freezing temperature of the beef used in this study was found to be consistently         

-1.8°C. Supercooling is the phenomenon where the temperature of a solution, or food, is 

decreased below its equilibrium freezing temperature without the occurrence of ice 

crystallization. This phenomenon is due to an energy barrier caused by the interfacial tension 

between water and ice that must be surmounted before the nucleation begins (Martins, Castro, & 

Lopes, 2009). The control (frozen) samples reached a varied degree supercooling before ice 

nucleation. Ice nucleation was indicated by the abrupt increase of the internal temperature of the 

sample. The increase in temperature was a consequence of the release of latent heat of ice 

formation (Kiani & Sun, 2011). Each control sample tested had frozen under the experimental 
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conditions, whereas the PEF and OMF supercooled samples had reached a temperature of -4°C 

without ice nucleation, and maintained a stable supercooled state for the duration of each 

experiment. Xanthakis, Havet, Chevallier, Abadie, & Le-Bail (2013) found the application of a 

static electric field with a voltage of 6 kV/cm to pork samples during freezing significantly 

decreased the size of the ice crystals formed. However, this was not enough to eliminate freezing 

altogether since an OMF was not included. The combination use of PEF and OMF during the 

freezing of chicken breast (Mok, 2013) demonstrated successful impedance of ice nucleation, as 

was seen in the beef tested in this study.  

 

2.4.2. Effects on color and lipid oxidation 

 The color of a beef sample after a 2 week trial of the combination PEF and OMF 

supercooling treatment is shown in Fig. 2.3. Qualitatively, there was an obvious color difference 

Fig. 2.2. Temperature profile of the combination PEF and OMF supercooled beef compared 

to a frozen control beef sample. The profile of the applied PEF current to the supercooled 

beef is shown in the upper right corner of the figure. Note the supercooled sample did not 

freeze over the 14 day storage period with an internal temperature of -4ºC. 
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between the samples refrigerated for 2 weeks and the supercooled and frozen samples. It should 

also be noted that the refrigerated samples had an off-putting smell, and some had a gummy 

texture. The qualitative observations of the refrigerated, supercooled, and frozen samples were 

reflected in the instrumentally measured overall color change (∆E). The overall color changes of 

the supercooled and control samples are shown in Fig. 2.4 (a). The ∆E became statistically 

different (p < 0.05) from the supercooled and frozen samples after 3 days of storage, and 

progressively deviated from a fresh color as storage time increased. This trend was in agreement 

with the results from Boakye and Mittal, who mapped the color change of beef at refrigeration 

temperatures for 16 days concluding that discoloration is a function of storage time and 

temperature (1996). Neither the supercooled nor the frozen samples’ overall color changed 

significantly during the storage (p < 0.05).  

(a) (b) 

(c) (d) 

Fig. 2.3. Color differences between samples after 2 weeks of treatment. (a) Fresh, 

(b) refrigerated, (c) PEF and OMF supercooled, and (d) frozen. Photos were taken 

when the samples’ temperature reached room temperature. The frozen sample had a 

notable amount of exudate after thawing which was not as pronounce in the other 

samples. 
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 Many times, a color change is an indication of constituent oxidation in the food product. 

The degree of lipid oxidation in the supercooled and control samples throughout the 2 week 

storage is shown in Fig. 2.4 (b). After the 2 week storage, both the frozen and refrigerated 

samples had a significantly higher degree of lipid oxidation than the supercooled sample (p < 

0.05). A steady increase in MDA concentration was observed throughout the storage of each 

treatment. The frozen samples had increased at a faster rate than the refrigerated samples. 

Normally chemical reactions are highly dependent on temperature, and a lower temperature 

should result in a decrease in reaction kinetics. However, other studies have also observed a 

faster rate of lipid oxidation from frozen-thawed meat products (Akamittath, Brekke, & Schanus, 

1990; Hansen, Juncher, Henckel, Karlsson, Bertelsen, & Skibsted, 2004). This could be 

attributed to the fact that a non-inconsequential portion of freezable water was unfrozen at           

-10°C, which would concentrate reactants, and along with the release of pro-oxidants from ice 

damage, promote lipid oxidation during the thawing process. Although there was an overall 

increase in MDA concentration after the 2 week storage period, all samples were below 0.6 mg 

MDA/kg of beef. which was found as the minimum that would be sensorially detected as rancid 

flavors (Greene & Cumuze, 1982). This could be due to the minimal amount of lipid in the lean 

cut of beef chosen for this study. 
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2.4.3. Microstructure observations 

 The optical microscopic images of cross sections of raw beef muscles after 3 days of each 

treatment are shown in Fig. 2.5. The optical microscopic images display the muscle fibers within 

the muscle fascicle. The endomysium, or space between muscle fibers, in the refrigerated and 

supercooled samples was confined whereas the endomysium of the frozen sample had expanded, 

which indicated large ice crystal growth and microstructural damage. The average values of the 

percent intermuscular fiber space for the refrigerated, supercooled, and frozen samples were 9.58 

± 2.97, 10.96 ± 2.77, and 21.22 ± 2.56%, respectively. There was no significant difference 

between the percent intermuscular fiber space of the refrigerated and supercooled samples, while 

the frozen sample displayed significantly greater percent intermuscular fiber space (p < 0.05) 

   

(a) (b) 

Fig. 2.4. Mean values of (a) overall color change and (b) degree lipid oxidation of samples at 1, 

3, 7, and 14 days of storage under tested conditions. Degree lipid oxidation was measured as mg 

of malondialdehyde (MDA) per kg of beef. Error bars represent standard deviations and different 

letters indicate significant differences (p < 0.05) between treatments at specific time points. 

a 
a 

k
 

b
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 Fig. 2.6 shows TEM images of samples of each treatment also after 3 days of storage. 

The TEM images are of the myofibrils that make up the muscle fibers shown in the optical 

microscopy images. Again, the percent space between myofibrils of the frozen sample was 

significantly greater (p < 0.05) than that of the refrigerated and supercooled samples. The 

average percent extracellular space of the refrigerated, supercooled, and frozen samples were 

measured as 10.11 ± 1.4, 11.00 ± 3.29, and 20.30 ± 1.15%, respectively. The spaces between 

myofibrils of the refrigerated and supercooled samples were not found to be significantly 

different (p > 0.05), which would indicate the absence of even small ice crystals in the 

supercooled samples. 

 

 

 

 

(b) (a) (c) 

Fig. 2.5. Optical microscopy images of (a) refrigerated, (b) supercooled, 

and (c) frozen beef samples after 3 days of storage. 
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2.4.4. Effects on drip loss and texture 

 Fig. 2.7 (a) shows the drip loss from the samples over the 2 week storage period. The drip 

loss from the frozen beef samples was significantly greater (p < 0.05) than from the refrigerated 

and supercooled samples at each time point of storage. The greater amount of drip loss from the 

frozen samples was a direct result of ice damage to the cellular structure of the beef. After 2 

weeks of storage, the drip loss was significantly greater (p < 0.05) from the refrigerated samples 

than from the supercooled samples. Increased drip loss can also be attributed to degradation of 

cytoskeletal proteins that play important roles in maintaining the integrity of the beef structure at 

the cellular level (Zhang, Lonergan, Gardner, & Huff-Lonergan, 2006). The breakdown of these 

proteins led to a decrease in the beef’s water holding capacity, and an increase in tenderness of 

the muscle (Fig. 2.7 (b)). Since protein degradation is of enzymatic nature, it was expected that 

the lower storage temperature of the supercooled samples would yield less drip loss and a firmer 

texture when compared to the refrigerated samples. 

 

(a) (b) (c) 

Fig. 2.6. Transmission electron microscopy (TEM) images of (a) refrigerated, 

(b) supercooled, and (c) frozen beef samples after 3 days of storage. 

 



34 

 

 

 The peak Warner-Braztler shear force (WBSF) is an indicator of the tenderness of a meat 

sample. A decrease in peak force needed to completely shear the sample corresponds with an 

increase in sample tenderness. The WBSF values of the frozen samples were significantly lower 

(p < 0.05) than those of the refrigerated and supercooled samples at each time point of  storage 

showing that the frozen samples were more tender (Fig. 2.7 (b)). Other studies have obtained a 

similar decrease in WBSF values after frozen storage of meat, which presumably was due to 

structural disruption caused by ice crystal formation and growth (Farouk, Wieliczko, & Merts, 

2004; Hiner, Madsen, & Hankins, 1945; Shanks, Wulf, & Maddock, 2002; Wheeler, Miller, 

Savell, & Cross, 1990).  Again, structural damage due to ice crystals was not observed in the 

supercooled samples. 

 

(a) (b) 

Fig. 2.7. Mean values of (a) drip loss and (b) Warner-Braztler shear force (WBSF) of samples at 

1, 3, 7, and 14 days of storage under tested conditions. Error bars represent standard deviations 

and different letters indicate significant differences (p < 0.05) between treatments at specific 

time points. 

a 
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2.5. Conclusion 

 This study presented a novel method for supercooled storage using a combination pulsed 

electric field and oscillating magnet field treatment at temperatures below the perishable 

product’s equilibrium freezing point. The results from the quality factors measured indicated the 

supercooled storage extended the shelf life of beef from that of refrigerated storage without ice 

damage as was seen with frozen storage. Therefore, the combination PEF and OMF supercooling 

treatment shows promise as an alternative preservation method to refrigeration and freezing for 

perishable foods, such as higher quality meats. Further studies could include the design of a 

larger scale PEF and OMF supercooling unit for use in a commercial setting. Also, improved 

electrode and electromagnet designs for optimization of the supercooled storage may be 

addressed. 
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CHAPTER 3  

INVESTIGATION OF SASHIMI GRADE TUNA QUALITY USING 

ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) AFTER 

COMBINATION PULSED ELECTRIC FIELD (PEF) AND OSCILLATING MAGNETIC 

FIELD (OMF) ASSISTED SUPERCOOLING 

 

3.1. Abstract 

 Electrochemical impedance spectroscopy (EIS) was used to investigate the 

electrochemical properties of sashimi grade ahi tuna subjected to a novel supercooling treatment. 

The supercooling treatment was assisted by a combination of pulsed electric fields (PEF) and 

oscillating magnetic fields (OMF) during the storage process. The tuna was held at -3ºC for 8 

days without freezing. A significant difference was found, using the EIS parameter Py, between 

all samples (fresh, frozen 8 days, supercooled 8 days, and refrigerated 8 days). However a more 

pronounced difference was found between the frozen-thawed samples (36.30 ± 0.63%) and all 

other samples (>44%). These results indicated that cell damage from ice crystal growth occurred 

in the frozen-thawed tuna samples and did not occur in the supercooled samples. Furthermore, 

the supercooling treatment significantly preserved the tuna better than refrigeration as indicated 

by their final K values. The K values of the supercooled samples and the refrigerated samples 

were 26.00 ± 0.04 and 74.29 ± 1.49%, respectively. The EIS setup used in this study proved to 

be effective in qualitatively differentiating tuna that was and was not frozen-thawed. However, 

the small, yet significant, differences between the spoiled and unspoiled samples did not show 

the ability of EIS to detect the onset of spoilage. Further development of alternatively designed 

EIS electrodes would be needed to increase the sensitivity of the method for onset spoilage 

detection.       
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3.2. Introduction 

 Fish play a critical role in nutrition because it is good source of dietary protein and 

polyunsaturated fatty acids. The global yearly consumption of fish has continually grown from 

9.9 kg per person in the 1960s to 18.9 kg per person in 2010 (FAO, 2014). Along with this 

overall increase in fish consumption, an increase in sashimi grade tuna demand has been 

observed. In fact, the United States of America has become the second-largest market for high 

quality fresh tuna behind Japan (FAO, 2014). Unfortunately, the fresh tuna market suffers from 

large fluctuations in price due to unpredictable catch levels. If a producer cannot sell all of their 

product because of its high price much of it must be frozen and a drastic price drop will be the 

consequence. The lowered price is because of the lowered perception of quality by consumers 

due to textural damages caused by ice crystal formation and growth within the fish. Therefore, 

lengthening the shelf life of fresh fish without freezing should be an obvious goal. 

 Lowering the temperature of a food product below its equilibrium freezing point for 

storage without having it freeze, the phenomenon known as supercooling, has been attempted by 

other researchers. Fresh fish (Ando, Mizuochi, Tsukamasa, & Kawasaki, 2007; Beaufort, 

Cardinal, Le-Bail, & Midelet-Bourdin, 2009; Fukuma, Yamane, Itoh, Tsukamasa, & Ando, 

2012) and other meats (Jeremiah & Gibson, 1997; Molina-Garcı́a, Otero, Martino, Zaritzky, 

Arabas, Szczepek, & Sanz, 2004; Xanthakis, Le-Bail, & Ramaswamy, 2014) have been 

subjected to a supercooling treatment. The main procedure to achieve prolonged supercooling 

has been strict temperature control of the storage environment with minimal physical 

disturbances to the product. Static cold air (Beaufort, Cardinal, Le-Bail, & Midelet-Bourdin, 

2009; Charoenrein & Preechathammawong, 2010; James, Seignemartin, & James, 2009), and 

immersion in a cold brine (Lucas, 1954; Piñeiro, Barros-Velázquez, & Aubourg, 2004; 
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Rodríguez, Losada, Aubourg, & Barros-Velázquez, 2005) have been used as cooling media for 

different food products. Also, protective antifreeze proteins and glycoproteins from fish have 

shown potential to inhibit ice formation and growth (Feeney & Yeh, 1998). Payne, Sandford, 

Harris, and Young found that soaking beef (Sternomandibularis) in a solution of antifreeze 

proteins extracted from Antarctic cod lessened ice damage when frozen (1994). As a novel 

method, Mok, Choi, Park, Lee, and Jun (2015) have shown that a combination of pulsed electric 

fields (PEF) and oscillating magnetic fields (OMF) can minimize ice crystals in a NaCl solution, 

and the process can inhibit ice formation altogether in chicken and beef below their equilibrium 

freezing temperatures (Mok, 2013; Chap. 2). 

 The application of any new preservation method should be subjected to a variety of tests 

in order to show its impact on the food product. As new supercooling technologies, especially 

those using external forces, emerge it will be important to (1) show the improvement over 

current chilling technologies and (2) verify claims that no cellular damage has occurred due to 

unpredicted ice crystallization, or from the treatment itself. Electrochemical impedance 

spectroscopy (EIS) has shown promise in its ability to distinguish between fresh and frozen-

thawed food products (Ballin & Lametsch, 2008; Bauchot, Harker, & Arnold, 2000; Fernández-

Segovia, Fuentes, Aliño, Masot, Alcañiz, & Barat, 2012; Fuentes, Masot, Fernández-Segovia, 

Ruiz-Rico, Alcañiz, & Barat, 2013; Zhang & Willison, 1992). Furthermore, attempts have been 

made to use EIS in assessing changes in freshness of meats during storage (Damez, Clerjon, 

Abouelkaram, & Lepetit, 2008; Guermazi, Troltzsch, Kanoun, & Derbel, 2011; Niu & Lee, 

2000; Oliver, Gobantes, Arnau, Elvira, Riu, Grèbol, & Monfort, 2001; Pliquett, Altmann, 

Pliquett, & Schöberlein, 2003; Saito, Arai, & Matsuyoshi, 1959; Zhang, Shen, & Luo, 2011). 
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Therefore, EIS could be utilized to probe microstructural changes that might occur during a 

novel supercooling preservation treatment of fresh fish. 

 In this study, EIS was used to investigate changes in sashimi grade ahi tuna after 8 days 

of PEF and OMF assisted supercooled storage. Also, proportional concentrations of adenosine 

triphosphate (ATP) and its breakdown products were analyzed from the tuna samples in order to 

address the extent of spoilage after treatments. The results were compared to samples preserved 

under refrigeration and freezer storage for 8 days. 

 

3.3. Materials and Methods 

 

3.3.1. Sample preparation and treatment 

 Samples of sashimi grade ahi tuna were purchased at various retail stores. The day of 

purchase was considered day 0 in this study. The fresh tuna samples (40.21 ± 1.37 g) were cut to 

fit into a clear acrylic holder (4 × 4 × 4 cm), equipped with a set of parallel electrodes. Control 

samples of approximately equal shape and weight were placed in acrylic holders without 

electrodes, and set in either a refrigerator or freezer at 4 and -10°C, respectively. All samples and 

controls were covered with polyethylene (PE) film to avoid dehydration during experiments. 

Samples were held for 8 days under their given treatment. The combination PEF and OMF 

supercooling treatment was performed in duplicate. All other treatments were done in triplicate.  

 The same combination PEF and OMF supercooling system and procedure presented in 

Chapter 2 was used to maintain a stable supercooled state for the tuna samples. However, the 

targeted supercooling temperature for the tuna was set at -3°C, and, for that, the input voltage for 

the PEF was decreased to 3.5 Vrms. Furthermore, a separate software program was written 
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(Matlab, MathWorks, Natick, MA) to control all PEF and OMF logics, and the acquired data 

during the experiments were handled using a data logger software (Benchlink Data Logger 3, 

Keysite Technologies, Santa Rosa, CA). The Matlab program code is presented in the Appendix. 

 

3.3.2. ATP-related compounds and K value 

 The ATP-related compounds: adenosine triphosphate (ATP), adenosine diphosphate 

(ADP), adenosine monophosphate (AMP), inosine-5’-monophosphate (IMP), inosine (Ino), and 

hypoxanthine (Hx) were assayed by HPLC as described by Ryder (1985) with a few 

modifications. The fish sample extract was prepared by homogenizing 5 g the sample with 25 ml 

of chilled 0.6 M perchloric acid for approximately 1 min. The homogenate was then centrifuged 

at 3000 × g for 10 min at a temperature of 4°C. Of the resulting supernatant, 10 ml was 

immediately neutralized to pH 6.5-6.8 with 1 M potassium hydroxide. After 30 min at 0°C, the 

precipitate, potassium perchlorate, was removed by passing through filter paper (Whatman #4, 

125 mm Ø, General Electric Company, Pittsburgh, PA). The extracts were stored in a -20°C 

freezer until further analysis was performed. 

 An Agilent series 1100 High Performance Liquid Chromatograph system (Agilent 

Technologies, Inc., Santa Clara, CA) equipped with an isocratic pump (G130A), a variable 

wavelength detector (G1314A) with a standard flow cell (10 mm path length, 14 µl volume, and 

40 bar max pressure), and an injector valve (G1328A) of 20 µl loop capacity, was used to 

analyze the ATP-related compounds in the fish sample extracts. Separation of the compounds 

was achieved on a reverse-phase C18 stainless steel column (Grace Vydac, 218MS53, 3.2 mm 

ID × 250 mm, Hesperia, CA). An injection of 10 µl of sample extract into an isocratic mobile 

phase of 100 mM phosphate buffer (pH 4.2) was used at a flow rate of 1 ml/min, a constant back 
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pressure of 156 bar, and a column temperature of 20°C. The eluent was monitored at 254 nm 

with full scale deflection set at 0.2 absorbance units. All solutions were filtered through a 0.45-

µm nylon aqueous syringe filter (VWR, Radnor, PA) prior to injecting onto the column. Elution 

of all compounds was complete within 8 mins of running time. The areas below the 

chromatographic peaks obtained from the fish sample extracts were used to calculate the 

concentration of the ATP-related compounds as compared to an external standard curve. 

Chromatographic data was analyzed using ChemStation software (Agilent Technologies, Inc., 

Santa Rosa, CA). All solutions in the HPLC procedure were made with Milli Q purified 

deionized water (Millipore, Inc., Bedford, MA).  

 The K value of fish has been used successfully in the past to evaluate quality as it 

positively correlates with extent of spoilage. The concentrations of the ATP-related compounds 

from the HPLC results were used to calculate the K value for the tuna samples after each 

treatment with the following equation defined by Saito, Arai, and Matsuyoshi (1959): 

𝐾(%) =
(𝐼𝑛𝑜+𝐻𝑥)

(𝐴𝑇𝑃+𝐴𝐷𝑃+𝐴𝑀𝑃+𝐼𝑀𝑃+𝐼𝑛𝑜+𝐻𝑥)
× 100.  

 

3.3.3. Electrochemical impedance spectroscopy 

 Electrochemical impedance spectroscopy is a method of analyzing a material’s electrical 

properties by applying to it an alternating current over a range of frequencies, and measuring the 

corresponding electrical output signal (Chang & Park, 2010). The impedance of a material is the 

ratio of the voltage to current of the output signal, and is a frequency dependent property. 

Impedance (Z) can be represented mathematically as: 

𝑍 = 𝑍′ + 𝑗𝑍" 

(3.1) 

(3.2) 
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where Z’ is resistance (Ω), and Z” is the reactance (Ω). A plot of resistance against reactance 

over the tested range of frequencies is known as a Nyquist plot. 

 A probe made of two stainless steel hypodermic needles (0.70 × 25 mm, Terumo Medical 

Corp., Tokyo, Japan) along with a Ag/AgCl reference electrode (Beckman Coulter, Inc., Brea, 

CA) was used to measure the impedance of the tuna samples for 50 frequencies over the range 

1000 kHz to 1.9 MHz at an applied amplitude of 0.2 V. This frequency range was chosen 

because it encompasses the β-dispersion region where polarization of cell membranes occur 

(Pliquett, 2010). This region is usually used to probe cellular structure changes because the 

degree of polarization depends on the size of the cells and the conductivity of the surrounding 

electrolytes (Pliquett, 2010). The EIS was performed using a µ-Autolab type III potentiostatic 

frequency response analyzer (FRA) and NOVA software version 1.6 (Metrohm Autolab USA 

Inc., Riverview, FL). The spectrum of each sample was taken four times at different locations 

with insertion of the needle electrodes 1 cm in the direction of the muscle fibers. A Nyquist plot 

was produced for each run. The overall setup for taking the impedance spectra is shown in Fig. 

3.1.  

Fig. 3.1. Electrochemical impedance spectroscopy (EIS) experimental measurement setup. 

WE: working electrode, CE: counter electrode, RE: reference electrode. (a) µ-Autolab type 

III potentiostatic frequency response analyzer (FRA), (b) electrode placement in sample, (c) 

resulting Nyquist plot from EIS reading. 

(a) (b) (c) 
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 The parameter Py was used for quantitative analysis of the Nyquist plot as described by 

Pliquett, Altmann, Pliquett, and Schöberlein (2003). Electrolytes within the cytoplasm, as well as 

in the extracellular fluid, cause the fish meat to have conductivity which, in the case of EIS, is 

measured as resistance. Furthermore, the cellular membrane acts as a small capacitor when an 

external electrical current is applied. Biological material modeled as a simple three component 

equivalent electrical circuit (Fig. 3.2) where Rex is the resistance of the extracellular fluid, Rin is 

the resistance of the cytoplasm, and Cm is the capacitance of the cellular membranes is known as 

the Fricke model (Damez, Clerjon, Abouelkaram, & Lepetit, 2007). The Fricke model equivalent 

electrical circuit was applied to each Nyquist plot in this study. From the Fricke model electrical 

circuit fit to the data, Z’o and Z’∞ were obtained and used to calculate Py as: 

𝑃𝑦 =
𝑍’𝑜 − 𝑍’∞

𝑍’𝑜
× 100 

where Z’∞ represents the resistance where the cell membrane begins to polarize, and Z’o 

represents the resistance where the frequency has become sufficiently small that all capacitor 

characteristics disappear and Warburg impedance dominates. The analysis procedure and 

equivalent circuit are shown in Fig. 3.2.  

 

 

 

 

 

 

(3.3) 



44 

 

 

3.3.4. Statistical analysis 

The differences between the factors measured for fresh, frozen, and supercooled samples 

were analyzed using ANOVA at a significance level of 95%. The statistical analysis was done by 

means of the software JMP Pro 11 (SAS, Cary, NC) and graphs were made using Microsoft Excel 

(Microsoft, Redmond, WA). 

 

 

 

Fig. 3.2. Data analysis procedure for EIS. (a) schematic of the electrical equivalence of tuna 

meat and its constituents (Fricke model), (b) electrical equivalent circuit used to represent 

tuna meat, (c) Nyquist plot with overlapping equivalent circuit fit and indicated Z’o and Z’∞. 

(a) 

(b) 

(c) 
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3.4. Results and Discussion 

 

3.4.1. K value 

 The measured K value results are presented in Fig. 3.3 (a). All samples had significantly 

different K values after 8 days of their respective treatments, and all were significantly different 

from that of the fresh tuna samples (p < 0.05). The fresh tuna samples had a K value of 6.75 ± 

0.73%. After 8 days of storage, all of the samples had an increase in K value which correlated 

with a decrease in freshness. The refrigerated samples showed the greatest increase in K value 

(74.29 ± 1.49%), which would be categorized as sensorially spoiled being that its K value was 

greater than 50% (Widiastuti, Putro, Fardiaz, Trilaksani, & Inaoka, 2013). Tuna still considered 

suitable for sashimi has a K value below 20% (Guizani, Al-Busaidy, Al-Belushi, Mothershaw, & 

Rahman, 2005). Apart from the fresh tuna, the only tuna samples that would have still been 

considered sashimi grade were those frozen for 8 days (19.89 ± 0.19%). However, the 

supercooled samples had only a slightly higher K value (26.00 ± 0.04%) than the cutoff for 

sashimi grade, and still would be fit for consumption if cooked or processed. The K value results 

in this study were similar to those found by Agustini, Suzuki, Hagiwara, Ishizaki, Tanaka, and 

Takai (2001) where tuna held at 0ºC took 7.2 days to reach a K value of 30%. 

 The K value has been very useful in detecting spoilage of fish because two important 

flavor compounds are included in its proportional calculation. Inosine-5’-monophosphate (IMP) 

has been described as the “fresh” flavor of fish, whereas hypoxanthine (Hx) has a bitter flavor 

that is synonymous with spoilage. The ATP breakdown process when fish is slaughtered and 

stored is as follows: 

𝐴𝑇𝑃 → 𝐴𝐷𝑃 → 𝐴𝑀𝑃 → 𝐼𝑀𝑃 → 𝐼𝑛𝑜 → 𝐻𝑥. (3.3) 
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This sequence will proceed naturally over storage, however the formation of Hx from Ino can be 

favored by bacterial activity (Veciana-Nogués, Mariné-Font, & Vidal-Carou, 1997). The 

increase in K value in the frozen and supercooled tuna samples was attributed to the 

transformation of IMP to Ino, whereas Hx was dominant in the refrigerated samples. The HPLC 

chromatographs of a supercooled and a refrigerated sample are shown in Fig. 3.3 (b), which 

demonstrate their sizable differences in Hx concentration. The Hx concentrations in the frozen, 

supercooled, and refrigerated samples were 17.55 ± 0.79, 25.25 ± 0.61, and 114.54 ± 14.82 

µg/ml, respectively. The differences between Hx, as well as K value, was an effect caused by the 

differences in storage temperature as the refrigerated, supercooled, and frozen samples were 

stored at 4, -3, and -10ºC, respectively. Other researchers were able to directly correlate an 

increase of Hx concentration with loss of sensory quality in seafood (Fatima, Farooqui, & Qadri, 

1981; Greene & Bernatt-Byrne, 1990), and that same trend was qualitatively observed in this 

study. 

 
Fig. 3.3. (a) K values of sashimi grade ahi tuna after 8 days of respective treatments. 

Error bars represent standard deviations and different letters indicate significant 

differences (p < 0.05) between treatments. K value cutoffs for spoiled (50%) and 

(20%) sashimi grade are indicated. (b) HPLC chromatographs of combination PEF 

and OMF supercooled (top) and refrigerated (bottom) tuna after treatments. Inosine-

5’-monophosphate (IMP) and hypoxanthine (Hx) peaks are indicated. 

(b) (a) 

Spoiled 

Sashimi 
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3.4.2. Electrochemical impedance spectroscopy 

 The difference calculated between Z’o and Z’∞ is sensitive to the integrity of the cellular 

membrane and therefore is a good indicator of cell damage. However, this difference is highly 

dependent on the temperature of the sample and the insertion depth of the electrodes. Thus, the 

electrochemical parameter Py was chosen to analyze the impedance spectra of the tuna samples 

because, although still sample temperature dependent, by normalizing the difference between Z’o 

and Z’∞ makes it independent of electrode insertion depth (Pliquett, Altmann, Pliquett, & 

Schöberlein, 2003). This was important to eliminate small uncontrollable variations in insertion 

depth, as even slight differences resulted in changes to the Nyquist plot. 

 After the 8 day storage, a decrease in Py was observed in all samples (Fig. 3.4 (a)). A 

significant difference in Py was found between each sample treatment (p < 0.05). There were 

small decreases in Py in the refrigerated (44.10 ± 0.65%) and supercooled (45.65 ± 0.69%) from 

the fresh samples (46.57 ± 0.89%); a drastic decrease occurred in the frozen samples (36.30 ± 

0.63%). The decrease in Py indicated a decrease in the overall impedance of the tuna. The strong 

decrease in Py in the frozen samples may be attributed to the destruction of an important number 

of cellular membranes by ice crystal growth in the extracellular spaces (Fernández-Segovia, 

Fuentes, Aliño, Masot, Alcañiz, & Barat, 2012; Fuentes, Masot, Fernández-Segovia, Ruiz-Rico, 

Alcañiz, & Barat, 2013). It should be noted that the results from the comparison of Py between 

the treatments showed no indication that ice had formed during the combination PEF and OMF 

supercooling treatment. Zhang, Shen, and Luo (2010) observed trends that were in concordance 

with this study, where impedance decreased less with storage time than it did when fish was 

frozen-thawed. The Nyquist plots of fresh, supercooled 8 days, frozen 8 days, and refrigerated 8 

days are shown overlapped in Fig. 3.4 (b).  
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 Niu and Lee (2000) claimed that impedance could be used as an indicator of freshness of 

fish because with increasing spoilage caused by microorganisms or enzymes, the concentration 

of dissolved ionic metabolites would increase resulting in an increase in conductivity, or a 

decrease in impedance. They found this claim to be true for carp, herring, and sea bass when 

comparing the phase angle change in these fish over time. A decrease in impedance, as indicated 

by a decrease in Py, was observed for the tuna samples after the 8 day storage period in this study 

as well. Since the impedance of the supercooled tuna had decreased less than that of the 

Fig. 3.4. (a) Py values of sashimi grade ahi tuna after 8 days of respective treatments. 

Error bars represent standard deviations and different letters indicate significant 

differences (p < 0.05) between treatments. (b) Overlapped Nyquist plots of tuna after all 

treatments. 

(a) 

(b) 
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refrigerated tuna the same conclusion as Niu and Lee could have been made, and the supercooled 

tuna would have been classified as less spoiled than those refrigerated. Furthermore, judging by 

appearance and smell, the refrigerated tuna samples were obviously spoiled and the supercooled 

tuna samples were not. Also, the K value of the refrigerated tuna samples (74.29 ± 1.49%) was 

48% greater than that of the supercooled samples (26.00 ± 0.04%). However, the difference in Py 

between the two samples did not reflect this considerable difference in quality, as the Py of the 

supercooled samples was only 1% greater than that of the refrigerated samples. Therefore, the 

electrochemical parameter Py showed its utility in differentiating between fresh and frozen-

thawed tuna samples, but the current setup would not be useful in detecting the onset of spoilage 

in sashimi grade ahi tuna. The EIS setup used in this study was a basic approach to measuring 

electrochemical impedance. Using a simple approach to electrode design (i.e. two stainless steel 

needle-type electrodes) will not account for measurement artifacts and electrode polarization 

which lead to a decrease in sensitivity of the measurement (Pliquett, 2010). Therefore, 

development of a more sophisticated electrode setup would be necessary for improving the 

sensitivity of the method as to better distinguish between spoiled and unspoiled tuna.  

 

3.5. Conclusion 

 The application of electrochemical impedance spectroscopy was easily able to distinguish 

qualitatively between tuna samples that had and had not been previously frozen. Since the 

combination PEF and OMF supercooled tuna samples had not shown the dramatic decrease in 

the parameter Py it could be concluded that no ice had formed during the storage. Although there 

was a significant decrease in Py of the supercooled and refrigerated tuna samples after the 8 day 

storage period, it was not large, and therefore a more sophisticated electrode setup may be 

needed to increase the sensitivity of the method used. However, the K value did show large 
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significant differences between samples, which clearly indicated spoilage of the refrigerated 

sample after 8 days of storage. The supercooled sample was still categorized as fit for 

consumption by its K value, demonstrating the preservation ability of this novel combination 

PEF and OMF supercooling treatment. 
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APPENDIX 

Labview program used in Chapter 2 

 

Fig. 4.1. Graphical user interface for control and monitoring of the supercooling process 
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Fig. 4.2. Code used for data handling 
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Fig. 4.4. Code used for Phase 2 control 

  

Fig. 4.3. Code used for Phase 1 control 
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Matlab program used in Chapter 3 

clear all; close all; clc; 

pef = visa('AGILENT','USBInstrument1'); 

set (pef,'OutputBufferSize',100000); 

fopen(pef); 

omf = visa('AGILENT','USBInstrument2'); 

set (omf,'OutputBufferSize',100000); 

fopen(omf); 

fprintf (pef, '*IDN?'); 

fprintf (omf, '*IDN?'); 

idn1 = fscanf (pef); 

idn2 = fscanf (omf); 

fprintf (idn1) 

fprintf (idn2) 

fprintf ('\n\n'); 

%Clear and reset instrument 

fprintf (pef, '*RST'); 

fprintf (omf, '*RST'); 

fprintf (pef, '*CLS'); 

fprintf (omf, '*CLS'); 

% Create arb waveform with 8192 points of 0-1 data 

fprintf('Generating Waveform...\n\n') 

%Send Command to set the desired configuration 
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fprintf('Downloading Waveform...\n\n') 

fprintf('Download Complete\n\n') 

fprintf(pef,'FUNCTION SQUARE'); % sets the wave type 

fprintf(pef,'FREQ 20000'); %set frequency in Hz 

fprintf(omf,'FUNCTION PULSE'); % sets the wave type 

fprintf(omf,'FREQ 0.001'); %set frequency in Hz 

fprintf(omf,'FUNC:PULS:DCYC 1'); % sets the duty 

%Enable Output 

%fprintf(pef,'OUTPUT ON'); % turn on channel 1 output 

% Read Error 

fprintf(pef, 'SYST:ERR?'); 

errorstr = fscanf (pef); 

while true 

%first duty cylce 

t1 = timer('TimerFcn', 'stat=false','StartDelay',300); 

start(t1) 

stat=true; 

while(stat==true) 

fprintf(pef,'FUNC:SQU:DCYC 20'); % sets the duty 

pause(1) 

end 

delete (t1); 

%second duty cylce 
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t2 = timer('TimerFcn', 'stat=false','StartDelay',120); 

start(t2) 

stat=true; 

while(stat==true) 

fprintf(pef,'FUNC:SQU:DCYC 50'); % sets the duty 

pause(1) 

end 

delete (t2); 

%third duty cylce 

t3 = timer('TimerFcn', 'stat=false','StartDelay',120); 

start(t3) 

stat=true; 

while(stat==true) 

fprintf(pef,'FUNC:SQU:DCYC 80'); % sets the duty 

fprintf(omf,'FREQ 1'); %set frequency in Hz 

pause(1) 

end 

fprintf(omf,'FREQ 0.001'); %set frequency in Hz 

delete (t3); 

end 

%closes the visa session with the function generator 

fclose(pef); 

fclose(omf); 


