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ABSTRACT
Radio frequency (RF) cooking of beef homogenates and ground beef of varying
lean-to-fat ratios (90/10, 85/15, 80/20, 73/27) was investigated. Packaged beef
homogenate and ground beef were submerged in a tray containing tap water at different
initial temperatures (ITs) for cooking in the RF oven. The effect of ITs of the tray water
on RF cook time of the beef blends was also investigated. RF cooking was conducted at
27.12 MHz until the homogenates reached an internal endpoint temperature of 50 °C and
in the case of ground beef until internal endpoint temperatures 50 and 55 °C respectively.
In addition, instrumental color properties (L*, a*, b* -values) and myoglobin redox forms
(630/580 nm for oxymyoglobin and 572/525 nm for metmyoglobin) for both raw and
cooked ground beef were determined.
A thermal inactivation study of nonpathogenic Escherichia coli (potential surrogate
for Escherichia coli O157:H7) in the beef homogenates cooked to 50 and 55 °C was
conducted. The additional contribution of RF cooking and antimicrobial efficacy in the
beef homogenate on E. coli inactivation was also investigated. The evidence of

synergistic inactivation effect between antimicrobials and RF cooking at 55 °C was
documented.
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CHAPTER 1
INTRODUCTION
The cooked ground beef and other beef products are subjected to increased safety
concerns by consumers, processors, and regulatory agencies. Escherichia coli O157:H7
is a Shiga toxin producing E. coli (STEC) and is found to be the primary foodborne
pathogen associated with undercooked ground beef consumption. Escherichia coli
O157:H7 is known to cause a wide range of human illnesses including hemorrhagic
colitis, bloody diarrhea, and life threatening conditions such as hemolytic uremic
syndrome and thrombotic thrombocytopenic purpura (Besser and others 1993; Hussein
and Bollinger 2005b; Koohmaraie and others 2007).
Escherichia coli O157:H7 was declared as an adulterant in ground beef by the
United States Department of Agriculture, Food Safety Inspection Service (USDA- FSIS)
in1994 under the Federal Meat Inspection Act (Echeverry and others 2009; Koohmaraie
and others 2007). The most notable outbreak of E. coli O157:H7 in the United States was
in 1993 in the Northwestern region, which resulted from the consumption of undercooked
hamburgers from a fast-food chain restaurant. This outbreak resulted in almost 700
illnesses and 4 deaths and increased nationwide awareness about E. coli O157:H7
infection and ground beef safety (Bell and others 1994; Jay and others 2004).
E. coli O157:H7 is commonly found in intestinal tracts and on hides of the cattle
and slaughter and processing stages could spread the infection to meat (Callaway and
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others 2006; Stanford and others 2005; Reinstein and others 2007). Bosilevac and others
(2007) observed that about 10 to 30% of beef trim destined for ground beef production
contained STEC. The organism can get translocated and mixed into the final product as
trims are ground. Various interventions are applied at different stages of production and
processing for E. coli O157:H7 decontamination, including steam vacuuming (Dorsa and
others 1996; Dorsa 1997a), hot water washes (Bosilevac and others 2005b; Bosilevac and
others 2004), organic acid sprays, and antimicrobial rinses (Barkate and others 1993;
Castillo and others 1998; Dorsa 1997b; Emswiler and others 1976; Patterson 1970), trim
rinses with antimicrobials and/or organic acid (Kang and others 2001b; Kang and others
2001a; Pohlman and others 2009). Despite these interventions and decontamination
steps, adequate cooking is important for enhanced safety of the ground beef.
Radio-frequency (RF) is a novel cooking technology that is being widely explored in
the meat industry. Unlike conventional cooking methods (convection, conduction) that
involve the transfer of heat energy from hot to cold regions in a product, RF involves
volumetric heat generation within the product itself as a result of the applied electric field
of constantly alternating polarity. RF cooking is advantageous than conventional methods
in terms of faster cook times, negligible temperature gradients between the surface and
interior, and ability to cook large, and thick products (Brunton and others 2005; Datta and
Davidson 2000b; Piyasena and others 2003b; Marra and others 2009).
Several studies pertaining to the application of RF for cooking different beef
products has been documented in terms of cook rates, energy efficiency, and quality
attributes- color, texture, and water holding capacity (Zhang and others 2007; Zhang and
others 2004b; Laycock and others 2003; Tang and others 2006; Farag and others 2010).
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However, limited information on the heating rates of ground beef of different lean-to-fat
ratios is available for establishing cooking recommendation times in the RF oven. The
sensitivity of E. coli to RF cooking at low temperatures in combination with added
antimicrobials in ground beef has also not been fully explored. Therefore, the main
objectives of this study were to:
1) Evaluate the effects of initial temperature (IT) of the surrounding water on RF
heating times of beef homogenates of varying lean-to- fat compositions
2) Determine the RF cooking times of ground beef blends with different lean-tofat ratios cooked to endpoint temperatures of 50 and 55 °C
3) Investigate the effectiveness of different antimicrobials in combination with
RF cooking for inactivation of non-pathogenic E. coli in beef homogenate
model system
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CHAPTER 2
LITERATURE REVIEW
Radio Frequency Heating
Radio frequency (RF) heating involves the transfer of electromagnetic radiation into
the product to cause heating by ionic depolarization. Ionic depolarization involves the
movement of positive ions in the material towards the negative regions of the field and
negative ions move towards the positive field regions. The heat gets generated within the
product itself due to kinetic energy and frictional interaction between the molecules
(Laycock and others 2003; Buffler 1993).
The RF oven comprises of a RF generator that produces oscillating fields of
electromagnetic energy. This RF energy is applied via two parallel electrodes to heat the
food placed between the electrodes. One of these electrodes is grounded to set up a
capacitor configuration for the storage of electric energy. The RF oven is commonly
operated at three high frequency levels, 13.56, 27.12 and 40.68 MHz respectively. At a
fixed frequency, RF heating results from constant polarity reversal of the field. Dipolar
molecules like water present in the material, also continuously realign with the changing
field. This phenomenon of dipole rotation further contributes to heat generation within
the product (Marra and others 2009).
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Conventional heating of foods involves transfer of heat from outer surfaces to the
interior of food either by conduction (occurs in solids) or convection (occurs in liquids).
Convection is a faster heating mechanism than conduction. During heat transfer in solids,
the outer surfaces can get overheated while trying to ensure sufficient heat transfer to the
interior. In contrast, electro-heating methods (E.g. radiofrequency and microwave) are
relatively more uniform as they are associated with volumetric heat generation inside the
food, where all the regions of the product heat simultaneously at the same rate (Brunton
and others 2005). Radio frequency units work in the frequency range of 1 MHz to 300
MHz of the electromagnetic spectrum, while microwave (MW) systems work between
300 MHz to 300 GHz (Ryynänen 1995). MW and RF heating are advantageous over
conventional heating methods as they are rapid, requiring comparatively less time to
reach the desired temperature and therefore, preferred for pasteurization and sterilization.
Although MW and RF heating show relatively more uniform heat distribution compared
to conventional methods, the uniform heat distribution is still difficult to predict. Some of
the other advantages of RF and MW systems are better energy efficiency, provision for
instant turn on/ and turn off provision, and the scope for pasteurization post packaging
(Datta and Davidson 2000a). RF is beneficial over MW in various aspects. RF heating is
more uniform and prevents formation of cold/hot spots within the product as the RF
energy penetrates deeper throughout the product (Marra et al., 2009). Despite the
numerous benefits, RF heating in air medium is often associated with major problems
like arcing and thermal runaway caused by the excessive focusing of RF energy (Zhao
and others 2000). Excessive arcing problem of RF heating in the air medium was also
reported by Brunton and others (2005) for the cooking comminuted pork product. The
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arcing problem can be potentially avoided by water immersion heating which involves
the heating of packaged foods in water during RF heating. The surrounding water
dissipates the excess energy and also acts as a heating medium for food (Kirmaci and
Singh 2012; Lyng and others 2007). Some studies (Zhang and others 2004b; Ohlsson
2000) reported uneven temperature distribution at different locations in comminuted
meat products and requirement of larger floor space to house the equipment.
Factors affecting Radio Frequency Heating: Dielectric Properties of food
The absorption of applied energy by a food is determined by its dielectric properties
and the distribution of the absorbed energy throughout the food product (Buffler 1993).
The important dielectric factors associated with RF heating are dielectric constant
(ε′), dielectric loss factor (ε′′) and the dielectric loss angle (δ). These factors are
determined by permittivity. Permittivity is represented by complex relative permittivity,
defined as the permittivity of a material relative to free space. The complex relative
permittivity is expressed by,
ε = ε ′ − jε ′′
where, j= −1 (Nelson and Datta 2001).
In the above equation, the real part of the relative complex permittivity (ε′) stands
for dielectric constant. It represents the ability of a food product to store electrical energy
and is a constant for the product at a particular frequency. The imaginary part of the
relative complex permittivity (ε′′) is known as the dielectric loss factor. It represents the
ability of a food product to dissipate electrical energy into heat (Wang and others 2003).
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Food products with higher dielectric loss factors are capable of absorbing electrical
energy at a faster rate compared with those with low values of loss factors (Piyasena and
others 2003a). The ratio of dielectric loss factor and dielectric constant represents the
tangent of dielectric loss angle (tan δ).
tan δ = ε′′ ⁄ ε′
An important thermophysical property that affects RF heating of foods is electrical
conductivity (σ), which is defined as the ability of a food to conduct electric current.
Electrical conductivity is related to the ionic depolarization that occurs within the food
during RF heating. σ of a material (in S/m) can be expressed by,
σ= ωε”
where ω equivalent to 2πƒ is angular velocity in rad/s (Marra and others 2009).
Other relevant thermophysical properties include specific heat (c), defined as the
amount of heat per mass of the product needed to raise the temperature of the product by
one degree and thermal diffusivity (α), defined as the speed at which heat distributes
through the product (Farag and others 2008).
Effect of Dielectric Properties on RF Heating
The response of food products to RF heating is determined by their dielectric
properties. The power absorbed by the food product defines the electric field intensity
within the product (Metaxas and Meredith 1983) and can be represented by,
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where P is the power per unit volume of product (W/m3), f is the applied frequency
(Hz), E is the electric field strength in the product (V/m),

is the permittivity of free

space (8.85X10-12 F/m) (Orsat and others 2004; Nelson and Datta 2001). The dielectric
properties of the product also influence the penetration depth of the incident
electromagnetic wave. Penetration depth (dp) is defined as the distance through which an
electromagnetic radiation can penetrate perpendicularly beneath the surface of the food
product when its power decreases to 1/e (1/2.72) of its initial power at the surface. It can
be represented by the following equation.

where c is the speed of light in vacuum (3 X 108 m/s), f is the applied frequency .
Penetration depth is an important factor for selecting the optimum thickness of a food
package for achieving a relatively uniform heating through the depth of the package
(Wang and others 2003). When both the dielectric constant

) and dielectric loss factor

) are low, penetration depth observed will be high(Piyasena and others 2003a). Deep
penetration depths result in uniform heating and a limited temperature differential.
Hence, high dp are suitable for heating large and thick food products (Ohlsson 2000). The
composition of food product also greatly influences the penetration depth. The addition
of salt and an increased water content decrease the penetration depth, while an increase of
fat content increases the penetration depth (Piyasena and others 2003a).
The dielectric properties are temperature dependent. The permittivity of a food
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influences the temperature rise in it. It can be represented by:

where ∆T is the temperature increase (°C), t is the time to rise temperature (sec), f is
the frequency of electromagnetic radiation, ε0 is the dielectric constant of vacuum (8.85 x
10-12 F/m), εr′ is the relative dielectric constant of food to be heated, tan δ is tangent of
dielectric loss angle, E is the electric field strength (V/cm), Cp is the specific heat of the
food to be heated (J/kg°C) and ρ is the density of the material to be heated (kg/m3). The
above equation indicates that temperature rise can be resulted by increasing the loss
factor (Piyasena and others 2003a). However, a very high loss factor leads to a leakage of
current through the food and a very low loss factor results in a slow heating rate due to
heat losses, taking longer to reach the desired temperature. Hence, for a successful
dielectric heating, the loss factor of the material should lie between 0.01< ε”< 1 (Orfeuil
1987). In situations where temperature increases with the loss factor, localized
overheating (thermal runway) can be caused from the excessive focus of power at the
hottest regions, and this could be avoided by reducing the power density. Also to further
prevent thermal runway, the composition of food, e.g. moisture content of foods,
presence of ions and salts should be considered for designing the RF applicator (Piyasena
and others 2003a; Tang and others 2005).
Factors Influencing Dielectric Properties
The dielectric and thermophysical properties of foods are influenced by other
factors such as frequency of the applied electric field, temperature of the material,
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moisture content, and the chemical composition (fat, protein, salt) (Wang and Goldblith
1975).
In foods containing high moisture content, water is the critical factor affecting the
dielectric properties (Marra and others 2009). Free water found in the meat, readily
absorbs the RF energy and influences heating as it responds well to ionic depolarization.
Studies have shown that the protein content in the food also determines the dielectric
properties. However the affect is not as prominent as that of moisture content (Shukla and
Anantheswaran 2001). Mudgett and Westphal (1989) suggested that the fat content in
foods has very little influence on the dielectric properties as fat being non polar in nature
does not respond well to RF waves. Meat products containing varied concentrations of
internal muscular fat are characterized by limited moisture content and show limited
dielectric interactions (Ryynänen 1995). Salt ions in food, function as conductive charge
carriers and decrease permittivity of the product while increasing the absolute dielectric
loss factor. Also a decrease of dielectric constant (ε’) is caused by the binding of
dissolved salt ions to free water molecules and increase of dielectric loss factor (ε”) is
facilitated by the addition of dissolved salts (Piyasena and others 2003a).
Temperature of the product also influences the dielectric properties. The dielectric
constant increases with temperature. The temperature influence on different dielectric
properties depends on the frequency and other factors such as composition (Nelson and
Datta 2001). For RF heating at extremely low temperatures (-18 to -5 °C), the dielectric
properties depend on the amount of free water and concentration of salt ions present in
the food. Farag and others (2008) showed that the dielectric and thermophysical
properties of different beef meat blends at thawing temperatures (-3 to -1°C), the values
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of dielectric properties rapidly increased particularly at lower frequencies. Piyasena and
others (2003a) reported that the electrical conductivity of a food increases with a rise in
temperature and salt concentration.
The frequency of the applied electric field influences the dielectric properties
(particularly the dielectric loss factor) (Zhang and others 2004a). At a frequency of 27.12
MHz, the dielectric property values of different beef blends (lean-to-fat, 50:50 mixture)
were found to be significantly higher at most temperatures (Farag and others 2008).
History and application of RF in Food Processing
Radio frequency heating is widely applied in the food sector. Early work on RF
involved application of RF to cook processed meats, to blanch and dehydrate vegetables,
to heat breads (Kinn 1947; Moyer and Stotz 1947). The early RF applications faced set
backs due to their high operating expenses (Zhao and others 2000). The next application
on foods was in the 1960’s where RF energy was used to thaw frozen products and this
lead to increased commercial production lines (Jason and Sanders 1962b; Jason and
Sanders 1962a). RF technology was also found to be efficient for heat processing and
preservation, as bottled fruit juices treated with RF had better organoleptic properties and
reduced bacterial loads compared to juices treated by conventional heating (Demeczky
1974). Further in late 1980s, RF was applied in the baking industry for post bake drying
of cookies and snacks (Rice 1993). Early 1990s showed investigation of RF heating for
sterilization and pasteurization of meat products as requirements for food safety gained
importance (Houben and others 1991). In late 1990s, RF technology was further
developed in terms of making it energy efficient and resolving technical issues like
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thermal runaway (Houben and others 1991; Zhao and others 2000). These developments
further laid foundation for current research on RF equipment modifications and the study
of dielectric properties of food for the optimization of RF treatment (Laycock and others
2003; Zhang and others 2004b).
Several studies demonstrated the application of RF for meat processing. Laycock
and others (2003) compared RF cooking at 27.12 MHz with water bath cooking for
ground, comminuted and whole beef. They found that RF cooking resulted in 90%
reduced cooking rate, reduced juice loss, and acceptable color, and water holding
capacity. However, they found that RF cooking of ground and comminuted beef resulted
in higher springiness and chewiness. Zhang and others (2004b) developed an optimized
cooking protocol for the pasteurization of cased meat emulsions. The encased luncheon
roll was immersed in 80°C circulating water for cooking and found that RF heating
resulted in 79% reduction of pasteurization time compared to steam cooked emulsions.
Brunton and others (2005) developed an improved RF cooking system for treating cased
meat products involving cooking in customized high density polyethylene cells,
submerged in hot circulating water. This type of heating medium prevented the arcing of
casings, a potential problem commonly observed in RF cooking. They also found that RF
heating by this process had significantly lower cooking rates (7min 40sec) compared to
conventional cooking (33min). Zhang and others (2006) used a similar system/ model
and found that cooking time for ham reduced by 75% when compared to steam cooking.
Quality studies showed that RF cooked hams had lower water holding capacities and
higher yields compared to their steam cooked counterparts. The heating efficiency of RF
was also observed in another study by Kirmaci and Singh (2012), in which RF cooking
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was compared with water bath cooking of packaged chicken breast. It was found that RF
cooking had 42.4% lower cooking rate than water bath cooking. Guo and others (2006)
also observed that RF cooking had reduced cooking time and temperature variations
compared to water bath cooking. Although RF cooked meats undoubtedly have faster
heating rates compared to conventionally cooked products, the differences in the quality
attributes are noticeable by instrumental and sensory analyses. These differences between
RF and steam-cooked meats could be made negligible by extending the cooking times or
making minor modifications in other RF cooking parameters (Zhang and others 2004b;
McKenna and others 2006).
Prevalence of E. coli in ground beef
Constant efforts are being made to eliminate Escherichia coli O157:H7 from red
meats in the United States after the first reported outbreak of this pathogen in 1993 in the
Northwestern region that resulted from the consumption of undercooked hamburgers
(Koohmaraie and others 2007). Shiga Toxin producing E. coli O157:H7 (STEC) infection
can result in a range of physiological symptoms in humans from mild to life threatening
conditions including mild or bloody diarrhea, thrombotic thrombocytopenic purpura
(TTP) and hemolytic uremic syndrome (HUS), caused by the production of large
quantities of Shiga toxins (Hussein and Bollinger 2005a; Koohmaraie and others 2007).
More than 100 serotypes of STEC are associated with human illnesses (Brooks and
others 2005) and some of the symptoms caused by non-O157:H7 contamination include
bloody diarrhea, HUS and sporadic illnesses (Rodrigue and others 1995). In most of the
STEC outbreaks reported so far, the consumption of undercooked ground beef products
or other beef products (i.e., steak, beef sausages, smoked beef) contaminated with cattle
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feces has led to human illnesses (Cowden and others 2001; Hussein and Bollinger
2005a).
The major source of STEC contamination in cattle is the hide and the contamination
is found to spread to the beef carcasses during hide removal. The prevalence of this
organism in different beef products is influenced by degree and site of carcass
contamination. E. coli O157:H7 was found prevalent in the range of 0.1 to 54.2% in
ground beef, 0.1 to 4.4% in sausage, 1.1 to 36.0% in retail cuts, and 0.01 to 43.4% in
whole carcasses. Non-O157 STEC prevalence ranged from 2.4 to 30.0% in ground beef,
17.0 to 49.2% in sausage, 11.4 to 49.6% in retail cuts, and 1.7 to 58.0% in whole
carcasses (Hussein and Bollinger 2005a).
Interventions for controlling E. coli O157 contamination
Interventions are applied at different carcass processing stages to control the STEC
contamination. As the cattle hide has been found to be the most important contamination
source, various intervention programs focusing on hide are developed. Some of hide
interventions include hide washes with different antimicrobial compounds such as
sodium hydroxide, cetylpyridinium chloride (CPC), trisodium phosphate, chloroform,
phosphoric acid, chemical hide dehairing, followed by rinsing with ozonated/
electrolyzed water or acidified chlorine and later steam vacuuming the treated areas.
Most of these interventions are found to be effective in reducing contamination in the
carcass after the hide removal (Bosilevac and others 2005a; Bosilevac and others 2005b;
Bosilevac and others 2004; Nou and others 2003).
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The interventions focusing on hide may not completely sterilize the carcass and the
contamination might spread during carcass fabrication and subsequent processing onto
the freshly cut, exposed surfaces. Therefore, after the hide removal, additional
interventions are applied through harvesting, carcass storage and then through further
processing of whole muscle cuts and trims. These multiple hurdle interventions at various
processing steps limit the microbial contamination and ensure the safety of the finished
beef products (Bacon and others 2000; Pohlman and others 2002). Some of the
interventions include pre-evisceration carcass wash with hot water or organic acid,
followed by the passage of carcasses through thermal pasteurization chamber post
evisceration and splitting for surface sterilization and finally chlorine or organic acid
rinse before storing carcasses in the holding cooler. Steam vacuuming is applied at
various stages of processing as it found to cause significant reductions in bacteria.
Further interventions are applied during the fabrication of whole muscle cuts and trims.
Interventions are also included during the grinding of trims to produce ground beef free
of contamination. Some of the effective trim interventions include treatment with one or
more antimicrobials, hot water or organic acid treatments. Though these interventions are
very effective in reducing microbial load, they affect the ground beef quality resulting in
undesirable color and odor (Pohlman and others 2002; Stivarius and others 2002; Dewell
and others 2005). Currently, extensive research is being conducted to explore effective
trim interventions that can result in significant pathogen reductions along with positive
quality attributes in ground beef.
Constant efforts are being made to maintain zero tolerance of O157:H7 in ground
beef by both beef processors and US government, to promote safe beef consumption.
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Industry and government organizations are extensively investing in research and
following strict safety precautions to lower possible contamination levels. An expensive
procedure called ‘test-and-hold’ process is currently being followed by the industry to
ensure the ground beef is safe and to prevent costly product recalls. To prevent any
introduction of O157:H7 in ground beef, both the beef trims (ground beef raw materials)
and finished ground beef products are tested for the presence of E. coli O157:H7. Only
products tested negative for the pathogen are released into the markets. If tested positive,
the entire lot of beef would be either fully cooked or rendered (Koohmaraie and others
2007).
Effect of RF cooking on inactivation of microorganisms
RF cooking is found to be efficient for improving the food quality by achieving
significant reductions of microbial contamination. The effectiveness of RF heating for
the reduction of total microbial load has been reported in carrots (Orsat and others 2001)
and in sausage (Houben and others 1991). Nyrop (1946) reported that an overall 99.5%
reduction of E. coli upon the application of 0.23kV/cm electric field at 20 MHz for about
7 seconds. Guo and others (2006) also investigated the effectiveness of RF heating for
microbial inactivation. They compared RF heating with hot water bath cooking for the
reduction of Escherichia coli K-12 in ground beef and found that RF cooking resulted in
a 7 log (CFU/g) reduction of E. coli and extended the product shelf life to a minimum of
30 days.
Studies have also shown that RF treatment is effective for sterilization and
pasteurization of foods. Orsat and others (2004) investigated the application of RF
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technology for pasteurization of vacuum packaged ham slices and the effect of packaging
materials on pasteurization efficiency. The authors concluded that RF heating when
combined with suitable packaging decreases the microbial load, reduces moisture loss
and improves overall product quality and storability of foods.
Though, the efficiency of RF treatment for microbial inactivation is well
documented, the mechanism of bacterial inactivation is greatly debated. The study by
Fleming (1944) first claimed the presence of nonthermal effects of RF energy on
Escherichia coli inactivation at low frequencies (11-350 MHz) and low power (10W).
Another study by Ponne and others (1996) investigated the effects of RF energy on the
inactivation of bacteria (Erwinia carotovara) and yeast (Saccharomyces cerevisiae). The
observed membrane damage and lysis of liposome vesicles in the cells resulted from
nonthermal effects. They also investigated the possible thermal effects by exposing the
cells to sub lethal temperatures during RF treatment and could not detect any additional
effects of RF when applied as a heat treatment. Hence, they confirmed the nonthermal
attributes of RF energy.
Some studies have disclaimed the non-thermal effects of RF energy on microbial
inactivation. Brown and Morrison (1954) could not reproduce Fleming’s results on the
existence of nonthermal effects. Geveke and others (2002) investigated the nonthermal
inactivation of microorganisms in liquid foods and found no evidence to prove that
microorganisms get inactivated at a low frequency (18MHz) and a limited electric field
strength (10 kV/cm) without the addition of heat. Carroll and Lopez (2006) further
confirmed that microbial inactivation by RF was solely due to heat effects when they
observed inactivation of E. coli, Saccharomyces cerevisiae, and Bacillus subtilis by RF
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energy at 60 MHz and 49oC. Studies disproving the nonthermal effects of RF suggest that
the positive nonthermal effects claimed in few studies could possibly be just inaccurate
temperature measurements during the RF treatment leading to wrong conclusions
(Geveke and others 2002).
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CHAPTER 3
EFFECT OF RADIO FREQUENCY TECHNOLOGY ON MYOGLOBIN REDOX
FORMS AND HEATING PROFILE OF BEEF HOMOGENATE SYSTEMS1
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Abstract
The heating efficiency of radio frequency (RF) on myoglobin redox forms and
ground beef heating characteristic of different lean-to-fat ratios (90/10, 85/15, 80/20,
73/27) were investigated. A beef homogenate model system was prepared in phosphate
buffer (pH 6.0) at 1:3 ratio (w/w). The homogenate system was packaged and immersed
in pre-heated water (PHW) to an initial temperature (IT) of 10, 25 and 45 °C, and heated
in the RF equipment. The RF heating was carried out until the homogenates reached to a
target internal temperature of 50 °C. The results of this study suggest that the RF heating
characteristics of the beef homogenate blends varied with ITs of the PHW. The RF
heating rates at IT of PHW at 45 °C demonstrated most efficient in heating and resulted
faster heating for all homogenate blend types. The instrumental color characteristics for
RF heated homogenates blends exhibited lower L*, a* and b* -values as compared to the
uncooked homogenate blends. The RF heating resulted in higher amounts of
metmyoglobin formation and reduced amounts of oxy- and deoxy- myoglobin redox
forms in all the beef homogenate blends.
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Introduction
Radio frequency (RF) technology has the potential for various heating and cooking
applications of solid and semisolid foods. Several authors (Brunton and others 2005;
Datta and Davidson 2000a; Kirmaci 2009; Kirmaci and Singh 2012) have documented
the beneficial effects of RF heating as a result of direct interaction between different food
components and the electromagnetic waves. The RF heating, in principle, applies
alternating electromagnetic energy to heat food by ionic depolarization (Datta and
Davidson 2000a; Kirmaci and Singh 2012; Marra and others 2009; Piyasena and others
2003b; Zhang and others 2004b). The food is placed between the electrodes in the RF
equipment and subjected to continuously changing electrical field resulting in the
movement of positive ions in the material towards negative regions of the electric field
and vice-versa. This back and forth movement of ions cause heat generation within the
product due to kinetic energy and friction generated between the molecules (Buffler
1993; Marra and others 2009; Piyasena and others 2003b).
Several studies have compared the efficiency of RF heating to conventional cooking
methods including water bath, steam, and microwave cooking. The RF technology has
the ability to cook larger and thick food products throughout and uniformly. The high
power heating efficiency of RF allows for deep heat penetration resulting into a more
efficient and consistent cooking throughout the product disregard of the size and shape of
the products (Datta and Davidson 2000a; Kirmaci and Singh 2012; Marra and others
2009; Piyasena and others 2003b; Zhang and others 2004b). The RF heating often trigger
arcing and thermal runaway resulting into excessive focusing of RF energy at a fixated
point (Zhao and others 2000). Failure to heat due to arcing in the air medium was also
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reported by Brunton and others (2005) for cooking of comminuted pork product .
Kirmaci and Singh (2012) suggested that the potential arcing problem can be restricted
and/or avoided by immersion of food products in water during RF heating. The RF
heating of food products using water as a heating medium helps avoidance of the arcing
problem and limits heating interruptions. The surrounding water dissipates the excessive
energy built-up fixated at a focal point and acts as the heating medium for the immersed
food (Kirmaci and Singh 2012; Lyng and others 2007).
The efficiency of RF cooking of meats largely depends on the dielectric properties
of meat such as electrical conductivity, permeability, and permittivity (Marra and others
2009). The electrical conductivity of meat in turn is affected by the lipid content or
amount of marbling in meat (Sarang and others 2008). The capability of RF waves to
penetrate deep and heat uniformly across the food products make it highly suitable for
cooking of meats (Kirmaci and Singh 2012; Laycock and others 2003). The RF cooking
of ground and comminuted meat products has been demonstrated to have faster cook rate,
reduced cook-loss, and improved juiciness and water holding capacity as compared to the
water bath cooked products (Laycock and others 2003). The process of the RF heating is
volumetric (Piyasena and others 2003; Zhang and others 2004) allowing all parts of the
product receiving equal heat distribution. However, possibility of temperature
differentials causing uneven surface cooking cannot be ignored. Development of
temperature differential in comminuted products can cause premature browning in beef
products before the product is fully cooked posing a food safety issue. Premature
browning in comminuted beef products is influenced by the interaction of the heating
medium and the chemical state of myoglobin at the time of cooking (Seyfert and others
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2004). Lien and others (2002) suggested that the myoglobin redox forms are susceptible
to oxidation and often brown prematurely at temperatures as low as 55 °C. However,
possibility of premature browning and myoglobin oxidation during RF heating of
comminuted beef products has not been fully characterized.
Because dielectric properties of foods and food components determine their
interaction with RF, extent of lipid content in meat products may act non-conductive as
compared to lean in meat-fat blends (Bozkurt and Icier 2010), varied lean-to-fat
percentages in beef and beef products has been hypothesized to show differences in RF
heating pattern and final product quality. Although some studies have documented the
efficiency of RF for cooking ground beef, there is limited information available on the
influence of RF heating on myoglobin redox status and efficiency of cooking ground beef
of different lean-to-fat compositions. Therefore, the objectives of this study were to 1)
determine the effects of initial temperature (IT) of the heating medium (water) on the
efficiency of RF on beef homogenate heating profile of varying lean-to-fat compositions;
2) study the effects of RF heating efficiency on the beef homogenate instrumental color
measurements; and 3) estimate the % myoglobin redox forms after heating of beef
homogenates.
Materials and Methods
A series of preliminary studies were conducted to characterize the tray, packaging
material, heating medium, and the most effective power setting for optimum heating
efficiencies of the RF for the beef homogenate blends. To determine the optimal RF
heating efficiencies and processing conditions, experiments were carried out in trays
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consisting of different materials and dielectric properties to select the most suitable tray
with negligible risk of arcing. Glass trays, polypropylene trays, and high thermal resistant
polysulfone trays were tested. Of all the trays investigated, the polysulfone tray (HPan™, Cambro, Huntington Beach, CA) was found to be most stable for RF heating
without any signs of melting or arcing. The most suitable heating medium was also
determined based on trial experiments. Based on previous studies showing the efficiency
of water immersion heating, water was selected as the heating medium. For RF heating,
the beef homogenate was packaged in plastic bags and immersed in water to prevent
arcing problems. Type of plastic bag most suitable for the RF heating was also
determined based on preliminary trials. Retortable bags were tested and found to have no
melting of plastic during RF heating. To prevent the homogenate bags from floating on
the water and swelling by the expansion of vapor inside the bags, a customized grid made
of polyetherimide was placed on top of the bags in order to hold them in place and to
maximize the contact with water (Kirmaci and Singh 2012). The electric current for the
RF heating efficiency was set at 0.5A as it was found to be most efficient with negligible
arcing and melting of packages even at long heating intervals. RF heating treatment
conditions were designed based on conclusions of the preliminary experiments conducted
in our laboratory (Deshpande 2008; Kirmaci 2009).
Beef homogenates preparation
Fresh ground beef trays of different lean-to-fat ratios (90/10, 85/15, 80/20, 73/27)
were obtained from a local retail store. The beef homogenate for each homogenate blend
type was prepared by homogenizing ground beef with phosphate buffer (100mM, pH 6.0)
at 1:3 ratio (w/w) using a variable speed tissue homogenizer (VWR International, LLC)
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for 7 min according to Mohan and others (2010).
RF heating protocol (Please refer Figure 3.1)
pH
The pH of the beef homogenate was adjusted to 6.0 (close to the ultimate pH of
beef). The pH measurements were performed using a metal probe pH meter (I.Q
Scientific Instruments, Loveland, CO).
Packaging and temperature measurement
One hundred and forty five gram (0.32 lb.) of beef homogenate blends of the varied
lean-to-fat compositions were weighed and packaged in a small retortable plastic pouch
(Sealed Air Corp., Duncan, SC). The bags were sealed airtight using a bar sealer (Omcan
Impulse bag sealer, Hotel Supply Warehouse, Inc., Deerfield Beach, FL) to avoid air
bubble formation and stored in a cooler (10 °C) before subjecting to RF treatment. The
homogenate bag temperature during RF heat treatment were measured using a fiber optic
temperature probe (Fiso Tech. Inc., Quebec, Canada) by inserting at the center of the bag
through a stuffing box (C-5.2D, Eucklund-Harrison Tech., Fort Myers, FL) screwed to
the package in order to hold the fiber optic probe in place. Temperature was recorded
using a data logger continuously during RF heating. The homogenate bags were removed
from the heating water medium and allowed to cool down at room temperature for further
measurements.
RF equipment
The RF equipment (Model S061B Stray- field Ltd, Reading, UK) setup comprised
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of a RF generator, two electrodes, and a conveyor belt. The RF equipment was operated
at a constant frequency of 27.12 MHz and a power of 6 kW. The samples to be heated
were placed between the two electrodes on the stationary conveyer belt and the
equipment was operated at a constant active current of 0.5A set by varying the distance
between the electrodes.
RF heating procedure
Three homogenate bags each fitted with fiber optic temperature probes were placed
in the RF heating tray (19 × 11 × 2.5 inch3) for heating trials. Tray was filled with tap
water up to three quarters of the tray height so the bags remain completely submerged in
water. A custom built RF resistant plastic grid (11 × 7.5 × 1.5 inch3) was placed on top
of the bags to hold the bags down and prevent them from floating. Water in the tray was
used as the RF heating medium and pre-heated to three different initial temperatures (10,
25, and 45 oC) prior to initiating RF heating. The RF heating treatment was started after
submerging the homogenate bags in water at respective individual ITs. A signal
conditioner display unit (Fiso Tech. Inc., Quebec, Canada) connected to a fiber optic
probe, was used for continuous monitoring of the heating rates inside the homogenate
pouch. The temperature rise in every 5s was recorded by a computer connected to the
signal conditioner and heating was ceased once the homogenate bags reached the target
internal end point temperature. For each of the three ITs, experiments were repeated three
times with each of the beef homogenate blends (90/10, 85/15, 80/20, 73/27).
Color measurements
Color measurements of the raw and RF heated samples were made using the
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Hunterlab® MiniScan EZ Spectrophotometer (D/8-S, 45/0 LAV, 14.3 mm diameter
aperture, 10° standard observer, Illuminant A; Hunter Associates Laboratory, Inc.,
Reston, VA, USA). CIE parameters for L* (Lightness), a* (redness), b* (yellowness)
were determined for raw and RF treated samples to understand the effect of RF heating
on meat color and myglobin redox status. Metmyoglobin estimates were calculated using
reflectance color measurements from 400 to 700 nm and converted to K/S values (AMSA
Meat Color Guideline, 2012). The ratios of wavelengths at 525 and 572 nm were
inserted into predetermined equations with values for the samples and 0% and 100% of
the pigment forms necessary for metmyoglobin quantification (Mohan and others 2010).
Statistical Analysis
The experimental design was a randomized complete block with 3 replications
(representing different independent batches of beef homogenates from each lean-to-fat
blend types). The statistical model included beef homogenate (73/27, 80/20, 85/15, and
90/10) and water temperature (10, 25, and 45 °C) and the two-way interaction for the
minute analysis. The statistical model included beef homogenate (73/27, 80/20, 85/15,
and 90/10) and water temperature (10, 25, and 45 °C), and state (raw or cooked) all twoway interactions and the three-way interaction as fixed effects for the remaining analysis
(color etc.). For all analysis except minutes, steak within beef homogenate and water
temperature was used as a random effect (no random effect in Minutes). P-values less
than or equal to 0.05 were considered significant. The effect of initial water temperature
and beef homogenate compositions on the heating time, L*, a*, b*-values and %
metmyoglobin redox form values of both raw and RF heated homogenates were
determined by analysis of variance (Tang and others ) using the SAS software (SAS,
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version 9.3). The option Pdiff was used to calculate the significant differences between
least mean squares, and the Tukey adjustment for multiple comparisons was included in
order to prevent overestimation of differences between treatment levels.
Results
RF heating characteristics of beef homogenates
Typical time-temperature graphs at specific ITs for RF cooking of beef
homogenate blends are shown in figures 3.2, 3.3, and 3.4. The results obtained from
time-temperature combination of the RF heating of each homogenate blend types at
specific ITs were different. Time to reach the target temperature of 50 °C for each
homogenate blend types at specific ITs of 10, 25 and 45°C varied considerably for each
blend types. However, time to reach the target temperature for a particular blend type
was not consistent as the initial water temperature increased from 10 to 45 °C (Figures
3.2, 3.3, and 3.4.) For RF heating at initial water temperatures of 10 and 45 °C, 85/15
homogenate blend reached the target temperature of 50 °C at a faster rate (12min at 10 °C
and 6min at 45 °C) as compared with other three blends. On the other hand, the RF
heating at initial water temperatures of 25 °C, the 90/10 blend reached the target
temperature of 50 °C fastest (8min). The 73/27 blend at initial water temperature of 10
°C took the longest time to reach target temperature of 50 °C during the RF heating. At
initial water temperatures of 25 °C and 45 °C, 80/20 blend took the longest time to reach
target temperature of 50 °C. All homogenate blends (73/27, 80/20, 85/15, and 90/10)
were affected by the initial water temperature and attained the target temperature at
different rates. Based on the results, no strong relationship between fat content in the beef
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homogenate to RF heating times was observed. Table 3.1 shows the comparison of
heating times of homogenate blends at different initial water temperatures.
The initial temperature of the water at 45 °C was found to be the most effective
heating rate, allowing all the four beef homogenate blends to reach the target temperature
(50 °C) at a faster rate compared to ITs of 10 and 25 °C. Among all the ITs, water at 10 °C
was the least effective among all heating treatments, taking longest time to reach the
target temperature for all four beef homogenate blends than other ITs. Also, 80/20 and
85/15 blends took longer time to reach the target temperature of 50 °C when the initial
water temperature was 25 °C than compared to initial water temperature of 10 °C.
Effects of RF Heating on Instrumental Color Properties of Beef Homogenate Blends
Lightness, L* values:
RF heating treatment induced noticeable changes in the appearance and myoglobin
redox forms of the beef homogenate. RF heated samples for all the four beef homogenate
blends had lower (p < 0.05) L*values compared to their raw counterparts (Table 3.2) at
all three ITs. The L*values for the homogenate blend 90/10 at IT of 45 °C, were not
different (p > 0.05) between the raw and RF treated samples. At IT of 45°C, blend 90/10
was found to be significantly different (p < 0.05) from the other three blends for the raw
sample. However, for the RF treated samples blend 90/10 was significantly different from
blend 85/15 and 73/27 when the IT of water was 10 °C. In most cases the initial
temperature (10, 25 & 45 °C) of the water medium was found to have no significant
effect (p > 0.05) on L* values of all four homogenate blends. Among the raw
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homogenates, the blends with higher fat ratios (73/27, 80/20) had higher L* values or
were paler than the rest of the blends (Table 3.2) (Demos and Mandigo 1996).
Redness, a* values:
The a* values of the RF heated homogenates were lower (p < 0.05) than those of
the raw homogenates for all four beef blends indicating that myoglobin degradation
occurred in the homogenates due to RF heating (Table 3.2). Kathrine and others (2012)
also found that the redness decreased significantly upon HP treatment for 20% QDS
restructured ham. For the RF treated samples the a*-value did not change for all the
blends and for all the IT’s and were not significantly different. For the raw samples at IT
of 25 °C the a*-value for blend 85/15 was significantly different from the other three
blends. The a*-values also seemed to be unaffected (p>0.05) by the initial temperature
(10, 25 & 45 °C) of the water medium.
Yellowness, b* values:
RF heating increased (p < 0.05) the yellowness (higher b*-values) in the 73/27
homogenate but decreased for the other three beef blends (Table 3.2). For the raw
samples blend 85/15 has the highest b*-value whereas for the RF treated samples blend
73/27 has the highest b*-value at all the three ITs.
Myoglobin Redox Forms:
The percentages of Oxymyoglobin (OMb), Deoxymyoglobin (DMb) and
Metmyoglobin (MMb) present in the homogenate blends before and after RF treatment
are shown in Table 3.3. The OMb and MMb values for the raw samples were
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significantly different (p <0.05) from those of the heated samples for all the blend types
and at all the ITs (10, 25, 45 °C). The OMb content decreased (p < 0.05) drastically from
raw to heated samples in all blend types disregard of pre-heated water temperatures. A
similar trend was observed for DMb redox form. The beef homogenate blend had
significantly higher percentages of OMb as compared with DMb and MMb redox forms.
It is observed that for all the four homogenate blends, the OMb and DMb (reddish) levels
decreased and the MMb (brownish-red) levels increased in the RF heated homogenates
compared to the raw samples. This indicates that RF heating treatment led to the loss of
reddishness and increase of brownishness in the beef homogenates. Discoloration
observed in the beef homogenates after RF treatment can be attributed to the oxidation of
myoglobin heme groups (García-Segovia and others 2007).
Discussion
The primary focus of this research was to optimize the protocol for adequate
heating of ground beef and ground beef products in an RF electric field. More
specifically, this investigation assessed the effects of ITs of the heating medium on the
RF heating rates and the myoglobin redox forms of different beef homogenate blends.
Using the optimized cooking protocol developed in this work, the time-temperature
combinations for RF heating of each homogenate blend type at specific ITs were
characterized. Results obtained in this study suggest that time to reach the target
temperature during RF heating varied with lean-to-fat variations in ground beef as the
initial water temperature was increased from 10 to 45 °C. (Kirmaci and Singh 2012)
reported that the RF cooking of chicken breast meat exhibited higher heating rate than
water bath cooking. Consistent with this study, these authors also reported that the
40

typical time-temperature combination for the RF heating of water was faster than the
chicken meat.
The raw ground beef and ground beef products vary considerably in lean-to-fat
content, which would further influence their dielectric properties and RF heating
characteristics. Bengtsson and others (1963) reported that the fat content and amount of
protein affect the dielectric properties and the efficiency of RF heating characteristics.
The reduced dielectric interaction of fat with RF characterized by its non-polar nature
was suggested by Mudgett and Westphal (1989) and Ryynänen (1995). However in this
study majority of the results showed that at each IT, the varying protein/ fat content of
beef homogenate had no significant influence (p>0.05) on the RF heating characteristics
(Table 3.1). it was found that, for RF heating at initial water temperatures of 10 °C and
45 °C, 85/15 homogenate blend reached the target temperature of 50 °C faster (12min at
10 °C and 6min at 45 °C) as compared with other three blends. On the other hand, the
RF heating at initial water temperatures of 25 °C, the 90/10 blend reached the target
temperature of 50 °C fastest (8min). Water at 45 °C was found to be the most effective
heating treatment, allowing all the four beef homogenate blends to reach the target
temperature (50 °C) at a faster rate compared to ITs of 10 °C and 25 °C. From the heating
rates reported in our experiments, the earlier reported observations of increased fat
content in meat resulting in reduced RF heating are contradicted. Starting the RF cooking
with the surrounding water medium maintained at high temperatures (≥ 45 °C) would
result in faster and efficient heating irrespective of the meat composition. These
observations on beef homogenate systems will assist research involving cooking ground
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beef in RF by exploiting the advantages of increased temperatures of the surrounding
water medium.
Premature browning in ground beef products can create a food safety hazard
because consumers often use color as an indicator of doneness. Meat products cooked by
conventional cooking methods develop large temperature gradients between the surface
and interior resulting in premature browning or metmyoglobin formation. In fresh
ground beef with normal ultimate pH, deoxymyoglobin is considered as the predominant
myoglobin redox form (Seyfert and others 2004) that may partially denature due to
heating and yield a slightly pink color on the interior (Hunt and others 1999). Contrary to
the report of Seyfert and others (2004), in the present study, oxymyoglobin was found as
the predominant myoglobin redox form in the beef homogenate system, which further
completely denatured to metmyoglobin upon extended RF cooking. The occurrence of
high percentage of metmyoglobin cooked by RF heating is likely attributable to
denatured oxymyoglobin redox form. Contrary to previous reported studies that used
conventional cooking methods, RF heating used in this study resulted in very small
amount of the undenatured myoglobin and slightly less or no pink color development. A
factor commonly associated with undercooked appearance is pH. Higher pH values
lower the likelihood of premature browning (Hunt and others 1999). Interestingly, pH for
the beef homogenate system in this study were slightly higher than normal (5.8 to 6.0)
but were still lower than values associated with the dark, firm, and dry (DFD) condition
known to cause persistent pinking. Killinger and others (2000) reported that the raw beef
patties made from packaged store-bought ground beef showed pink color development on
the interior when cooked in a electric griddle while the top surface contained
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predominantly oxymyoglobin and metmyoglobin redox forms and developed premature
browning. While premature browning is a major safety issue in conventionally cooked
ground meat products, no previous studies have quantified the myoglobin redox forms as
a degree of doneness in the case of RF heating. The importance of quantifying myoglobin
redox forms using a beef homogenate model system may further assist future research in
ensuring the safety of ground beef products cooked by RF heating.
Conclusion
Use of hot water at 45 °C as the heating medium in the RF oven results in rapid
heating of the beef homogenates. Heating with water at 45 °C provides the same heating
rate regardless of the composition of the beef homogenate. Results of instrumental color
measurements showed that RF heated beef homogenates have lower L*, a*, and higher
b* values. Furthermore, the myoglobin estimate values indicated that RF heated
homogenates have higher metmyoglobin which is associated with brownness and lower
levels of oxymyoglobin and deoxymyoglobin linked with redness in meat. These color
observations are desired in heated or cooked meat. Thus, radio frequency technology has
proven to be an effective cooking methodology to cook ground beef of varied lean to fat
compositions.
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TABLE 3.1. The average time taken to attain target temperature of 50 °C for the four
beef homogenate blends (73/27, 80/20, 85/15, and 90/10) at respective initial water
temperatures (10, 25, and 45 °C)
Initial water
temperature- IT
(°C)
10
10
10
10
25
25
25
25
45
45
45
45

Beef
homogenate
blend
73/27
80/20
85/15
90/10
73/27
80/20
85/15
90/10
73/27
80/20
85/15
90/10

Average
time taken
(minutes)
16.87b
15.89b
11.94a
15.12b
14.26bc
16.14c
12.32b
8.03a
11.16b
11.56b
5.82a
7.08a

Pooled ±SE for Time = 1.78.
Mean values with different superscripts within a column (a, b) are !different (p<0.05).
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TABLE 3.2. LSMeans for beef homogenate × heating interaction for instrumental color properties (L*, a*, b*) of raw and RF
heated beef homogenate samples
Initial Water
Temperature (°C)
10
10
10
10
25
25
25
25
45
45
45
45

Beef Homogenate
Blend
73/27
80/20
85/15
90/10
73/27
80/20
85/15
90/10
73/27
80/20
85/15
90/10

L*

a*

Raw
65.7bcdx
67.7cdx
65.1abcdx
61.9abx
68.7cdx
69.2dx
64.0abcdx
63.1abcx
66.4bcdx
67.6bcdx
66.3bcdx
59.8ax

Heated
59.2by
58.3aby
59.2by
52.9ay
60.2by
58.7by
60.0by
56.0aby
57.0aby
61.6by
60.7by
57.5abx

!!

!!

!
Pooled
±SE for L* = ± 3.8; a* = !± 0.7; and b* = ± 0.7.

!
!
!
!
!
!
!
!
!
!
!
!
!

Raw
18.4abcx
17.4abcx
19.3bcx
16. 9abx
17.3abx
16.8ax
19.8cx
16.8ax
18.4abcx
17.8abcx
19.0abcx
18.2abcx

Heated
5.9aby
8.2by
5.9aby
5.9aby
5.4ay
7.1aby
6.4aby
6.4aby
6.0aby
5.6ay
6.2aby
7.2aby

!

!

!
!
!
!
!
!
!
!
!
!
!
!
!

Raw
18.4ax
18.8ax
19.8ax
18.3ax
18.1ax
18.7ax
19.6ax
18.4ax
19.5ax
18.9ax
19.7ax
19.2ax
!

b*
Heated
19.6cdex
16.6aby
17.9abcy
16.0ay
21.8ey
18.8abcdx
19.5bcdex
16.7aby
20.5dex
16.5aby
18.6abcdx
18.1abcdx
!

Mean values with different superscripts within a column (a, b, c, d, e) and within a row (x, y) are different (p<0.05).

!
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TABLE 3.3. LSMeans for beef homogenate × heating interaction for % Oxymyoglobin (OMb), Deoxymyoglobin (DMb), and
Metmyoglobin (MMb) estimates of the raw and RF heated samples

Initial Water
Temperature (°C)
10
10
10
10
25
25
25
25
45
45
45
45

Beef Homogenate
Blend
73/27
80/20
85/15
90/10
73/27
80/20
85/15
90/10
73/27
80/20
85/15
90/10

OMb
Raw
Heated
ax
75.85
5.70by
72.49ax
5.33by
bx
87.44
2.26aby
93.62cx
1.55aby
73.72ax
4.34aby
71.89ax
0.60ay
87.65bx
1.52aby
cx
94.53
5.92by
75.54ax
5.81by
72.57ax
0.31ay
90.18bcx 2.71aby
94.56cx
2.97aby

!

!

!

!

DMb
Raw
Heated
ax
16.92
1.99ay
19.04ax 4.12abcy
7.36ax
5.66abcx
5.17ax
2.74abx
18.95ax 5.13abcy
18.69ax 7.26bcy
7.37ax
3.70abcy
ax
4.13
4.18abcx
17.14ax 2.57aby
18.00ax 8.41cy
5.42ax
2.30ay
4.20ax
5.48abcx
!

Pooled ±SE for OMb = ± 2.25; DMb = ± 2.33; and MMb = ± 2.32.

!

!

!

!

MMb
Raw
Heated
bcx
7.23
92.31abcy
8.47bcx
90.55aby
abcx
5.19
92.09abcy
1.21ax
95.71cy
7.33bcx
90.53aby
9.42cx
92.15abcy
4.98abcx 94.78bcy
1.34ax
89.90ay
7.32bcx
91.61abcy
9.44cx
91.27abcy
4.40abx
94.99bcy
1.24ax
91.55abcy
!

!

Mean values with different superscripts within a column (a, b, c) and within a row (x, y) are different (p<0.05).
!

!
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4 Ground beef blends
(90/10, 85/15, 80/20, 73/27)&&
Phosphate Buffer
(100mM, pH 6)
Beef homogenates
(90/10, 85/15, 80/20, 73/27)

Packaging homogenates in
retortable pouches

Color and myoglobin
forms estimation
Fiber optic probe
insertion

Placing in RF oven in a tray
fitted with plastic grid
Tap water filled in tray
at three different initial
temps. (10, 25, 45 °C)
RF cooking at 0.6A and
27.12MHz till homogenates
reach 50 °C

Ground beef bag allowed to
cool at room temperature

Color and myoglobin
forms estimation

FIGURE 3.1. Flow diagram showing RF heating protocol of the beef homogenate

!

50

!

50!

Temperature (°C)!

40!

73/27!

30!

80/20!
20!

85/15!
10!

90/10!
0!
0!

5!

10!

15!

20!

Time (min)!
FIGURE 3.2. Effect of water at 10 °C on the heating rates of the four beef homogenate
blends (73/27, 80/20, 85/15, and 90/10)
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FIGURE 3.3. Effect of water at 25 °C on the heating rates of the four beef homogenate
blends (73/27, 80/20, 85/15, and 90/10)
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FIGURE 3.4. Effect of water at 45 °C on the heating rates of the four beef homogenate
blends (73/27, 80/20, 85/15, and 90/10)
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CHAPTER 4
RADIO FREQUENCY COOKING OF GROUND BEEF OF VARYING LEANTO-FAT RATIOS2

2

Ganashree Nagaraj, Anand Mohan, Rakesh Singh, Yen-Con Hung. To be submitted to
the Journal of Food Science.
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Abstract
Radio frequency (RF) cooking times of different ground beef blends with varying
lean-to-fat ratios (90/10, 85/15, 80/20, 73/27) was investigated. Packaged ground beef
was submerged in a tray containing water at different initial temperatures (IT) of 10, 20,
and 40 °C for cooking in the RF oven. The RF oven was operated at 27.12 MHz
frequency until the center of the packages reached to an internal end point temperature of
50 and 55 °C. The results from this study suggest that the varied lean-to-fat composition
of ground beef and IT of the tray water did not affect the RF cooking rates. The time to
reach endpoint temperature of 50 and 55 °C were 11.16 and 12.68 min respectively.
Instrumental color characteristics and myoglobin redox form estimates for RF cooked
ground beef exhibited lower L*, a*, b*, chroma, and 630/580 ratio for oxymyoglobin and
higher hue angle and metmyoglobin values compared to the uncooked ground beef.
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Introduction
Proper and effective cooking methodologies are being explored for cooking ground
beef and other beef products due to the increasing safety concerns associated with their
consumption. E. coli O157:H7 is considered as an adulterant in ground beef and most of
the reported outbreaks are due the consumption of undercooked ground beef or other
contaminated beef products (Cowden 1997; Koohmaraie and others 2005). This organism
produces large amounts of Shiga toxins, causing a wide range of symptoms in humans
from mild or bloody diarrhea to thrombotic thrombocytopenic purpura (TTP) and
hemolytic uremic syndrome (HUS) (Hussein and Bollinger 2005; Koohmaraie and others
2007).
Conventional cooking methods involve the transfer of heat from hot regions to
cooler regions in a product by conduction, convection or radiation. Conventional methods
are associated with major drawbacks such as non-uniform heating caused by overheating
of outer surfaces in solid foods and long cooking times. In contract, radio frequency (RF)
heating involves volumetric heat generation within the food itself, causing all the regions
to heat simultaneously at a uniform rate. The rapid heating ability of RF facilitates
quicker processing times. RF also has the ability to uniformly cook thick and large
products due to its longer wavelengths and deeper penetration capacity (Brunton and
others 2005; Datta and Davidson 2000; Marra and others 2009; Piyasena and others
2003).
RF oven consists of two parallel electrodes forming a capacitor setup that apply the
oscillating electromagnetic energy to the product placed between them. Positive ions in
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the product move towards the negative regions of the applied field and vice versa (ionic
depolarization) resulting in heat generation due to frictional interaction inside the
product. In addition to this response, a mechanism of dipolar rotation also contributes to
heating where dipolar molecules like water present in the product continuously realign
with the alternating field (Brunton and others 2005; Buffler 1993; Marra and others
2009).
RF heating is often associated with arcing and thermal runaway resulting in
interrupted heating and thermal runaway (Zhao and others 2000). Brunton and others
(2005) used a customized high density polyethylene cells submerged in hot circulating
water to overcame the arcing during RF cooking of comminuted pork. Kirmaci and
Singh (2012) developed an efficient water immersion cooking method for preventing
arcing problem. They placed packaged chicken breasts in a tray filled with water and
fitted a polyethermide grid on top of the packages to prevent them floating. The
surrounding water dissipates the excessive built-up energy and acts as a heating medium.
RF cooking of different beef products has been extensively studied to understand its
effects on energy efficiency, cooking rates, and quality attributes (Farag and others 2010;
Laycock and others 2003; Tang and others 2006; Zhang and others 2004; Zhang and
others 2007). Laycock and others (2003) demonstrated the efficiency of RF cooking of
ground, comminuted, and whole meat products, where RF cooked meat had faster cook
rates, reduced juice losses, acceptable color and water holding capacity compared to their
steam cooked counterparts. However, there is lack of information available on the
suitability and efficiency of RF heating of ground beef of varying lean-to-fat
compositions.
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Electrical conductivity of foods is one of the dielectric properties determining the
RF cooking efficiency (Marra and others 2009). Electrical conductivity is in turn
affected by fat content in the foods and temperature (Bozkurt and Icier 2010).
Therefore, the objectives of this study were to: 1) determine the cooking times of ground
beef blends of varying lean-to-fat compositions cooked to endpoint temperatures 50 and
55 °C; and 2) evaluate the effect of initial tray water temperature (IT) on the cooking
times; 3) the effects of RF heating on ground beef instrumental color measurements and
myoglobin estimates.
Materials and Methods
Ground beef sample preparation
Four different ground beef blends comprising of varying lean-to-fat ratios (90/10,
85/15, 80/20, and 73/27) were obtained fresh from a local meat purveyor. Specific
amount of ground beef (~ 250g) was placed in a retortable plastic bag (Sealed Air Corp.,
Duncan, SC) and sealed with an impulse sealer (Omcan Impulse bag sealer, Hotel Supply
Warehouse, Inc., Deerfield Beach, FL).
Six different RF cooking treatments with different ITs of water and end point
temperatures of beef were investigated for each ground beef blend. The details of
treatments are shown in figure 4.1 the experiment was replicated three times with ground
beef from different batches. The packaged ground beef bags were stored at 4 °C
refrigerator before placing in the RF oven for cooking trials.
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RF equipment
The RF equipment (Model S061B Stray- field Ltd, Reading, UK) used for the
cooking treatments was operated at a frequency of 27.12 MHz and a power of 6 kW. It
comprised of a generator to generate the electromagnetic energy and two parallel
electrodes to apply the RF energy onto the product for heating. The distance between the
two electrodes is adjustable for setting the active current for heating. The tray containing
the ground beef bag was placed inside the RF oven between the two parallel electrodes. A
constant current of 0.6A was maintained throughout the cooking experiment by manually
adjusting the distance between the electrodes.
RF cooking trials
Ground beef bags were immersed in water for cooking in the RF oven. The ground
beef bag was placed in a high temperature polysulfone tray (48.26 × 27.94 × 6.35 cm3)
(H-Pan™, Cambro, Huntington Beach, CA) between the two parallel electrodes inside
the RF oven. Water was filled in the tray upto three quarters of its height (~ 6750 mL),
enough to ensure the bag stays affixed and completely submerged in the water. A
customized plastic grid (27.94 × 19.05 × 3.81 cm3) was fitted in the tray to prevent the
bag from floating and keep it fixed in a place.
Temperature rise of the ground beef during the RF cooking was measured using a
fiber optic temperature probe (Fiso Tech. Inc., Quebec, Canada) inserted through a
stuffing box (C-5.2D, Eucklund-Harrison Tech., Fort Myers, FL) at the center of the bag
throughout the cooking experiment. Temperature rise was continuously recorded by a
signal conditioner display unit (Fiso Tech. Inc., Quebec, Canada) connected to the fiber
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optic probe. At the completion of the cooking experiment, the RF oven was turned off
and the ground beef bag was removed from the oven to cool at room temperature (cite the
actual temperature) for subsequent color measurements. The total time taken by the
ground beef bags (cook time) to reach the end point temperatures 50 and 55 °C was
recorded for all the cooking treatments.
RF cooking protocol (Please refer Figure 4.1)
Instrumental color measurements
The surface color of both raw and RF cooked ground beef was measured using
Hunterlab® MiniScan EZ Spectrophotometer (D/8-S, 45/0 LAV, 14.3 mm diameter
aperture, 10° standard observer, Illuminant A; Hunter Associates Laboratory, Inc.,
Reston, VA, USA). The color parameters L* (lightness), a* (redness), b* (yellowness),
chroma (saturation index) and hue angle (H)° were determined for raw and RF ground
cooked beef. Three measurements were made at three different locations on each ground
beef bag was recorded and averaged for statistical analysis.
Myoglobin Redox Forms estimates
The surface reflectance color measurements from 400 to 700 nm were obtained for
the estimation of myoglobin redox forms in raw and cooked ground beef. The values of
ratios at wavelengths 630 and 580nm were calculated to obtain the surface oxymyoglobin
(OMb) estimates and the ratios at wavelengths 572 and 525 nm were determined for the
metmyoglobin (MMb) estimation (AMSA Meat Color Guideline, 2012). The OMb
(redness) and MMb (browness) estimates were compared between raw and cooked
samples to determine the induced surface color changes before and after RF cooking.
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Statistical Analysis
The data were analyzed by analysis of variance (ANOVA) using JMP Pro 10.
Three-way ANOVA was used for the analysis of ground beef blends, initial temperature
of the filled water, and ground beef end-point temperature as a function of the come-up
times, and of the color parameters (L*, a*, b*, chroma, and hue angle) and myoglobin
redox forms (OMb and MMb). The least square means of the individual treatments were
separated using Tukey’s HSD at a significance level of p<0.05.
Results and Discussion
Cooking Times
No significant differences (p>0.05) were found between the times taken by
individual ground beef blends (90/10, 85/15, 80/20, and 73/27) to reach end-point
temperatures of 50 and 55 °C respectively. The initial temperature of the tray water (10,
20, and 40 °C) as RF heating medium did not significantly influence (p>0.05) the RF
cooking times of the blends (Table 4.1). This could be a result of greater penetration
capacity of the RF energy, resulting in faster and uniform cooking irrespective of the
composition of food. Since RF cooking is commonly associated with volumetric heat
generation within the product, a uniform temperature distribution occurs inside the
product, where centers of the similar shaped and sized products are heated at same rates.
Ground Beef Surface Color and Myoglobin Redox Forms
The interaction effects of tray water initial temperature (IT) × ground beef blend
type × endpoint temperature existed (p<0.05) only for b* and metmyoglobin among all
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the parameters evaluated. The endpoint temperature had significant main effects on all
the parameters. These included L*, a*, b*, hue angle, chroma, 630/580 nm (red color due
to oxymyoglobin) and metmyoglobin. The IT had main effects on all parameters except
chroma and the predictor ground beef blend type showed main effects on most
parameters except chroma and MMb while their interaction, IT x ground beef blend type
was significant for all the parameters studied except L* (Table 4.2).
The L* values of all the four ground beef blends at the three ITs shown in figure
4.2, decreased with RF cooking from 50 and 55 °C. However, the differences between
L* values of uncooked (4 °C) and RF cooked samples were small. It is also apparent from
figure 4.2 that a* values of the uncooked and RF cooked (50 and 55 °C) samples were
significantly different (p<0.05) for all the ground beef blends and at all ITs. The lower
redness could be due myoglobin denaturation imparted by RF cooking. This is
contradictory to the findings of Troutt and others (1992), who reported that increase in fat
composition from 5 to 30% in beef patty had no significant effect on both uncooked and
cooked patty a* values.
However, increasing the endpoint temperature from 50 to 55 °C, had minimal
effects on the a*- values of the ground beef blends (p>0.05). A similar trend was
observed for the b* (yellowness) values of all beef blends as they decreased with RF
cooking at all three ITs.
The chroma or saturation index values reduced dramatically in the cooked ground
beef as compared to the uncooked ground beef (p<0.05) as shown in figure 4.3. The
decrease in chroma was commonly observed for all the beef blends and at all ITs of RF
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cooking. The reduced values for chroma could be a result of the decreased a* values in
the RF cooked ground beef. Though it is apparent from figure 4.3 that hue angles
increased with RF cooking from 4 °C to 50 and 55 °C, the increase was not significant
for most ground beef blends (p>0.05). The hue angles also did not change between
endpoint temperatures 50 and 55 °C. Larger hue angles represent more MMb and lesser
redness in meat (AMSA Meat Color Guideline, 2012).
From figure 4.4 it can be observed that the values for 630/580nm, that correspond to
redness in beef due to oxymyoglobin, decreased (p<0.05) from 4 °C to end point
temperatures 50 and 55 °C in all the beef blends and at all ITs. The observed decrease in
redness could be due to increased heat-induced denaturation of OMb. Lower OMb
values also correspond to lesser a* values. Larger ratios of 630/580nm indicate more
redness due to higher OMb and a ratio of 1 indicates 100% MMb in beef (AMSA Meat
Color Guideline, 2012).
On the contrary, with reduction in OMb, MMb increased with RF cooking (p<0.05)
for all the blends and all IT cooking treatments. MMb given by the ratio of 572/525nm
corresponds to brown color and is formed due to the denaturation of myoglobin as a
result of RF cooking (Brewer and Novakofski 1999). Consumers mostly associate
brownness with the level of doneness in cooked beef. Brown coloration in beef, a
characteristic of increased MMb at low temperatures of 50 and 55°C (premature
browning) can be wrongly perceived to be fully cooked and safe to consume (Hunt and
others 1999).
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Conclusion
Regardless of the lean-fat compositions of the ground beef and the temperature of
the surrounding tray water (IT), RF cooking resulted in similar cooking times. The
overall instrumental color parameters and myoglobin redox estimates of the RF cooked
beef corresponded to lower L*, a*, b*, chroma, red color due to OMb and higher hue
angle and MMb estimates. The results indicate that RF heating results in decreased
redness and increased brownness in ground beef when cooked to low endpoint
temperatures of 50 and 55°C. Premature browning associated with cooking of ground
beef at low temperatures can result in wrong perception of doneness of cooked beef and
can be a food safety hazard. Measurement of the internal temperature during cooking
using a fiber optic probe or thermocouple over visual appraisal is recommended for
judging the level of doneness.
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TABLE 4.1. RF cooking times at end-point temperatures of 50 and 55 °C of ground beef
blends at different temperatures of tray water
Initial temperature of
tray water- IT (°C)

Ground beef
blend

10
10
10
10
20
20
20
20
40
40
40
40

90/10
85/15
80/20
73/27
90/10
85/15
80/20
73/27
90/10
85/15
80/20
73/27

Cooking time (minutes)
50 °C
55 °C
11.83a ± 1.69
11.97a ± 1.17
11.81a ± 1.22
10.47a ± 0.55
11.44a ± 0.67
10.97a ±1.58
11.44a ± 0.73
10.22a ± 0.63
10.89a ± 0.91
11.17a ± 1.17
11.33a ± 1.28
10.36a ± 0.13

14.31a ± 0.61
12.56a ± 0.77
13.19a ± 0.49
12.06a ± 0.21
13.11a ± 0.83
11.92a ± 1.76
12.64a ± 0.77
12.56a ± 0.77
13.00a ± 1.31
11.69a ± 1.01
12.81a ± 0.39
12.31a ± 0.68

Values are means ± SD. Same letters within a column are not significantly different
(p>0.05).
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TABLE 4.2. P-values for main and interaction effects of instrumental color parameters and myoglobin estimates

Characteristic

IT

Blend
type

Endpoint
Temp.

L*

0.0351*

<.0001*

<.0001*

0.0773

0.051

0.1304

0.0639

a*

0.0006*

0.0068*

<.0001*

0.0271*

0.0096*

0.0109*

0.3713

b*

0.0038*

0.0067*

<.0001*

0.0015*

0.4045

0.4114

0.0159*

Hue angle

<.0001*

<.0001*

<.0001*

0.0184*

0.0043*

0.0004*

0.0602

Chroma

0.5626

0.5056

<.0001*

0.0068*

0.1148

0.17

0.1909

Red color- OMb

<.0001*

<.0001*

<.0001*

0.011*

0.0022*

0.0543

0.2918

MMb

<.0001*

0.4085

<.0001*

0.0016*

0.0379*

0.0002*

0.0215*

Values marked by asterisk are significantly different (p<0.05).
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Blend type
x Endpoint
Temp.

IT x
Endpoint
Temp.

IT x Blend
type x
Endpoint
Temp.

IT x
Blend
type

!

4 Ground beef blends
(90/10, 85/15, 80/20, 73/27)

!

Color and myoglobin forms
estimation in raw beef

!
!

Packaging in plastic bags

!
!

Fiber optic probe insertion

!

Placing in RF oven in a tray
fitted with plastic grid

!

Tap water filled in the tray
at three different initial
temps. (10, 20, 40 °C)

!
!

RF cooking at 0.6A and
27.12MHz

!
!
!

Cooking ceased when ground
beef reach 50 and 55 °C

!
!
!

Color and myoglobin forms
estimation in cooked beef

Ground beef bag allowed to
cool at room temperature

!
!

FIGURE 4.1. RF cooking protocol for ground beef
!

!
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FIGURE 4.2. LSMeans for the three way interaction of ground beef blend x initial tray water temperature x end-point
temperature on instrumental color properties (L*, a*, and b* values) of 90/10 (A, B, and C), 85/15 (D, E, and F), 80/20 (G, H,
and I) and 73/27 (J, K, and L) ground beef blends. 10, 20, and 40 °C are initial temperatures of the tray water (IT).
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Ground Beef Blend: 90/10

Chroma

40

Ground Beef Blend:80/20

C

40

E

40

Ground Beef Blend: 73/27

35

35

35

30

30

30

30

25

25

25

25

20

20

20

20

B

D

55

F

55

50

50

50

45

45

45

45

40

40

40

40

35

35

4
50
55
End-point Temperature (°C)

35
4

50
55
End-point Temperature (°C)

10 °C

4

50
55
End-point Temperature (°C)

20 °C

H

55

50

35

G

40

35

55
Hue

A

Ground Beef Blend: 85/15

4

50
55
End-point Temperature (°C)

40 °C

FIGURE 4.3. LSMeans for the three way interaction of ground beef blend x initial tray water temperature x end-point
temperature on chroma and hue angle of 90/10 (A, and B), 85/15 (C, and D), 80/20 (E, and F), and 73/27 (G, and H) ground
beef blends. 10, 20, and 40 °C are initial temperatures of the tray water (IT).
!
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!
FIGURE 4.4. LSMeans for the three way interaction of ground beef blend x initial tray water temperature x end-point
temperature on 630/580 nm (red color due to OMb) and MMb (metmyoglobin from 572/575 nm)!estimates of 90/10 (A, and
B), 85/15 (C, and D), 80/20 (E, and F), and 73/27 (G, and H) ground beef blends. 10, 20, and 40 °C are initial temperatures of
the tray water (IT).!
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CHAPTER 5
COMBINATION OF RADIO FREQUENCY HEATING AND
ANTIMICROBIALS AGAINST NONPATHOGENIC ESCHERICHIA COLI IN
GROUND BEEF HOMOGENATES3

3

Ganashree Nagaraj, Anand Mohan, Rakesh Singh, Yen-Con Hung. To be submitted to
the Journal of Food Science.
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Abstract
Inactivation of nonpathogenic Escherichia coli in the ground beef homogenate by
radio frequency (RF) heating alone or in combination with antimicrobial treatments was
investigated. Inoculated beef homogenates heated in RF oven at 27.12 MHz resulted in
approx. 0.84 log reductions at 50 °C and approx. 0.94 log reductions at 55 °C. Presence
of antimicrobials- potassium, sodium, and ammonium bicarbonates, citric acid, potassium
lactate, and combination of potassium bicarbonate and citric acid in the homogenates
alone without RF cooking, did not result in E. coli inactivation. The synergistic effect of
RF heating and antimicrobial treatments did not affect E. coli inactivation at 50 °C.
Heating to an internal end point temperature of 55 °C resulted in 6 logs (CFU/g)
reduction of E. coli counts in homogenates containing 2.5% potassium bicarbonate, 0.5%
citric acid and combination of citric acid and potassium bicarbonate at varying
concentrations (0.5%, 1.5%, and 2.5% potassium bicarbonate).
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Introduction
Ground beef and ground beef products are subjected to constant scrutiny due to
increased safety concerns. Escherichia coli O157:H7 is a common pathogen linked with
undercooked ground beef consumption and resulting human illness outbreaks (Cowden
1997; Orr and others 1994). Researchers and meat processors are making continuous
efforts to eliminate Shiga toxin producing E. coli (STEC) including Escherichia coli
O157:H7 from ground beef supply chain and prevent expensive product recalls
(Koohmaraie and others 2007). Cattle are considered reservoirs of both O157 and nonO157 STEC and the infection is found to spread to the carcass and beef cuts during hide
removal and carcass processing stages (Callaway and others 2006; Reinstein and others
2007; Stanford and others 2005). Interventions are applied at various stages of processing
and include hide wash (Bosilevac and others 2004; Bosilevac and others 2005a;
Bosilevac and others 2005b); steam vacuuming (Dorsa and others 1996; Dorsa 1997);
carcass rinse with hot water and antimicrobials (Barkate and others 1993; Castillo and
others 1998; Dorsa 1997; Emswiler and others 1976; Patterson 1970); trim rinses with
antimicrobials and/or organic acid (Pohlman and others 2002; Kang and others 2001b;
Kang and others 2001a) for microbial decontamination among various other
interventions. Though these methods are very effective in reducing initial microbial
counts, recontamination of ground beef is highly likely to occur from unhygienic
grinding of trims or handling. The newly exposed surfaces aid in attachment and
multiplication of microbes in ground beef (Emswiler and others 1976). Apart from
proper sanitation and clean practices, intervention strategies applied directly to prepared
ground beef may prove effective for microbial inactivation. Mixing ground beef with
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different antimicrobial compounds alone or in combinations can control microbial
proliferation in ground beef and maximize the safety. Although the antimicrobial benefits
of potassium lactate on carcasses, whole cuts, and trims have been previously reported
(Mohan and others 2012; Pohlman and others 2009), scientific evidence of its
effectiveness when applied directly in freshly ground beef is lacking. Another microbial
decontamination method using sodium bicarbonate in spray washes on beef carcasses,
lean and adipose tissues for bacterial reductions has been reported by Bell and others
(1997), however the application of different bicarbonate salt forms for the microbial
decontamination of ground beef has not been fully explored. Several GRAS organic acids
have also been previously studied for their effectiveness as food preservatives. Acetic
acid is found to be the most effective antibacterial compared to other organic acids in its
pH range, while citric and lactic acids were not found to be significantly effective in
controlling the growth of E. coli O157:H7 in roasted, ground beef (Abdul-Raouf and
others 1993; Cherrington and others 1991). However, using organic acids in combination
with other food preservatives and/or heat can enhance their effectiveness (Greer and Dilts
1992; Marshall and Kim 1996). The sensitivity of E. coli O157:H7 to heat and its
tolerance to organic acids has also been reported by Brackett and others (1994) and
Conner and Kotrola (1995).
The potential application of antimicrobials in combination with radio frequency
cooking for ground beef decontamination has not been fully explored. Therefore, the
objective of this study was to investigate the microbial inactivation effects of different
antimicrobial compounds paired with radio frequency cooking in the beef homogenate

76

model system. The concentrations and combinations of the antimicrobials used are given
in Table 1.
Materials and Methods
Equipment
The radio frequency oven (Model S061B Stray- field Ltd, Reading, UK) used for
this study was operated at a constant frequency of 27.12 MHz and a power of 6 kW. The
oven is comprised of a RF generator, two electrodes, and a conveyor belt, similar to the
RF oven used by (Guo and others 2006; Laycock and others 2003). The sample was
placed between the electrodes on the stationary conveyor belt and an active current of
0.6Amp was applied. The current (0.6Amp) was maintained constant throughout the
cooking process by adjusting the distance between the electrodes manually outside the
equipment.
Chemicals
Food grade sodium bicarbonate, potassium bicarbonate, and ammonium
bicarbonate were purchased from Fisher Scientific (Pittsburg, PA). Potassium lactate
(HiPure 60) was purchased from PURAC, America (Lincolnshire, IL). Food grade citric
acid was obtained from Sigma-Aldrich (St. Louis, MO).
Beef homogenate samples
Fresh ground beef (80% fat, 20% lean) were obtained from a local retail store. A
model food system was developed by mixing ground beef with freshly prepared
phosphate buffer (100mM, pH 5.8) containing antimicrobial compounds at 1:3 (w/w)
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ratios. The ground beef was homogenized for 7 min using a variable speed homogenizer
(VD125, VWR International, LLC, Radnor, PA) to prepare beef homogenate samples for
each of the assigned treatments.
pH measurement
The pH of the beef homogenate for each individual treatment combinations was
recorded using a calibrated metal probe pH meter (I.Q Scientific Instruments, Loveland,
CO). The pH for the treatment combinations is shown in Table 5.1.
Bacterial cocktail preparation
Four strains of non-pathogenic Escherichia coli, ATCC BAA-1427, BAA-1428,
BAA-1430 and BAA-1431, all isolated from cattle hides were used as surrogates for E.
coli O157:H7 because of its pathogenicity. The strains were obtained from the American
Type Culture Collection, Manassas, VA and stored frozen at -80° C on cryo-beads
(Microbank, Pro-Lab Diagnostics, Austin TX). Each strain was cultured in 9 ml sterile
tryptic soy broth (TSB; Becton Dickinson and Company (Abdul-Raouf and others ),
Sparks, MD) at 35° C for 24 hr. The cultures were successfully transferred three times
before being used as inoculum. 4 ml of each sub-cultured strain was added into a 50 ml
centrifuge tube and the mixture was centrifuged at 3400 rpm for 30 min (Model 5682
Refrigerated centrifuge, Forma Scientific Inc., Marietta, OH) to obtain the final
inoculum. The supernatant was discarded and the pellet was resuspended in 0.1% peptone
(16 ml, Becton Dickinson and Company, Sparks, MD) and centrifuged again at 3400 rpm
for 30 min. After two subsequent gentle washes, the pellet was resuspended in 16 ml of
0.1% peptone and the final inoculum was obtained.
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The cocktail was plated in duplicate on plate count agar (Becton Dickinson and
Company, Sparks, MD) and the plates were incubated at 35° C for 24hr to enumerate the
total cell concentration in the cocktail.
Microbiological inoculation
227.7 ml of beef homogenate for each treatment were inoculated with 2.3 ml of
inoculum to give a cell concentration of 6 log10 CFU/ml. Total volume [230ml (0.50 lb)]
of the inoculated beef homogenate was poured into a retortable plastic pouch (Sealed Air
Corp., Duncan, SC) and sealed using a bar sealer (Omcan Impulse bag sealer, Hotel
Supply Warehouse, Inc., Deerfield Beach, FL) taking precautions to prevent air bubble
formation in the pouch. To ensure uniform distribution of inoculum, pouches were
massaged and shaken for 45 sec. Inoculated beef homogenate pouch without any added
antimicrobials was used as the control. The pouches were stored overnight in a 4 °C
refrigerator for further attachment of the bacterial cells.
RF cooking procedure
Preliminary studies were conducted to determine the optimal processing conditions
of the RF oven for uninterrupted heating. Based on these studies, a high-temperature
resistant polysulfone tray (H-Pan™, Cambro, Huntington beach, CA) (48.26 × 27.94 ×
6.35 cm3) was used to hold one homogenate pouch at a time in the RF oven. Tap water at
room temperature was poured in the tray up to three quarters of the tray depth (~ 6750
mL) to ensure the pouch stays completely immersed in water. Water filled in the tray
provides cushioning effect and prevents arcing, a common limitation of RF cooking in air
(Kirmaci and Singh 2012; Zhao and others 2000). A custom-built polyethermide grid
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(27.94 × 19.05 × 3.81 cm3) was fitted in the tray on top of the pouch to keep it from
floating and maximize its contact with water. The pouches for individual treatments were
heated till 50 and 55 °C. After cooking was complete, the RF oven was turned off and
pouch was immediately transferred to ice bath to bring its internal temperature down.
Preliminary cook-time studies were conducted to determine the time taken for beef
homogenate pouches to reach target temperatures of 50 and 55 °C in the RF oven.
Microbial enumeration
The beef homogenate samples were placed in sterile stomacher bags and blended at
230 rpm for 45 sec using a laboratory stomacher (Stomacher 400® Circulator, Seward,
UK). The samples were then serially diluted in sterile 9ml, 0.1% peptone blanks and
plated in duplicate onto plate count agar (PCA; Becton Dickinson and Company (BD),
Sparks, MD) and violet red bile MUG agar (VRBA+MUG; Becton Dickinson and
Company (BD), Sparks, MD). The plates were incubated at 35 °C for 24±2 hr and
enumerated. A colony counter and a UV lamp (6W-Long Wave UV Lamp, Spectronics
Corp., Westbusry,NY) were used to count the PCA plates and VRBA+MUG plates
respectively.
Statistical Analysis
The experiment was repeated three times. The microbial counts on the duplicate
plates were averaged and converted into log units and the data was analyzed by two-way
ANOVA (treatment × final temperature) using the JMP PRO 10 program. The least
means square were generated and differences between the least squares means of
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individual treatments were analyzed using Tukey’s honestly significantly different (HSD)
test. Treatments with p<0.05 were considered to be different.
Results and Discussion
A thermal inactivation study was first performed to determine the microbial
inactivation of E. coli in the beef homogenate resulted from RF cooking. Inoculated
samples were heated until their internal temperatures attained 50, 55, 60, 65, 70 and 75
°C. These temperatures were chosen to represent the gradations of cooking in reference to
steaks, ranging from rare to well done. At temperatures ≥ 60 °C, RF cooking was found
to be tremendously effective against E. coli thermal inactivation. A substantial reduction
from 6 log10 CFU/ml to below the detection limit was observed. Therefore, only target
temperatures of 50 and 55 °C were used throughout this study to determine the microbial
inactivation due to interactive effects of antimicrobials and RF cooking. Based on 6
replicates each, it was found that the homogenate pouches took approximately 17:08
(min:sec) to reach 50 °C and 19:50 (min:sec) to reach 55 °C. Treatment pouches were
heated to these times individually and assumed to have reached the target temperatures.
Effect of bicarbonates and RF heating on microbial inactivation
Addition of bicarbonate salts forms (sodium, potassium, and ammonium) in the 4
°C unheated beef homogenate (not treated with RF) did not exhibit significant differences
(p>0.05) for both aerobic bacteria and E. coli populations. Bell and others (1997)
observed 2.29 log reductions of E. coli on carcass after spray washing with 1% sodium
bicarbonate. RF heating to 50 °C did not reduce the aerobic and E. coli populations and
all three bicarbonate treatments exhibited similar cell counts. Subsequently RF heating to
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55 °C, resulted in a population (both aerobic and E. coli) decline of approximately 2 log10
CFU/ml in the treatments compared to their unheated counterparts (figures 5.1 and 5.2).
Similar to unheated homogenates, no significant differences were observed
(p>0.05) in the aerobic and E. coli populations between control (without bicarbonates)
and individual bicarbonate treatments in the RF heated homogenates to 50 and 55 °C.
This was because of the absence of interactive effect between the bicarbonate treatments
and RF heating at low temperatures
Effect of potassium lactate and RF heating on microbial inactivation
In the unheated homogenates (4 °C), addition of potassium lactate did not change
the total cell concentration and E. coli counts (figures 5.3 and 5.4). These observations
were incongruent with the findings of Pohlman and others (2009), who found that 3% PL
reduced the populations of APC and E. coli by ~0.9 log10 CFU/g in ground beef.
Significant differences (p>0.05) were not observed between the two potassium lactate
treatments (2.5% PL and 3.5% PL) in the unheated beef homogenates for both aerobic
bacteria and E. coli counts. A similar trend between the treatment populations was
observed at the endpoint temperatures 50 and 55 °C.
RF heating to 50 °C did not result in thermal inactivation of bacteria (both aerobic
and E. coli in the homogenates. In comparison, the treatment populations (both aerobic
and E. coli) resulting from RF heating to 55 °C significantly lowered (p < 0.05) from 4 C
by approximately 1.5 log10 CFU/ml.
At 50 and 55 °C, no significant differences (p>0.05) were observed between the
aerobic bacterial populations of control (without potassium lactate) and potassium lactate
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treatments (figure 5.3). This was because no additional inactivation effects were imparted
by the added potassium lactate and there was no interaction between potassium lactate
and RF heating at low temperatures of 50 and 55 °C. At 50 °C, the E. coli population of
the individual treatments was higher (p>0.05) than that of the control. This could be due
to the heat resistance offered to the cells by the higher pH (close to neutral pH) of the
potassium lactate treatments. The homogenates containing potassium lactate had a pH of
5.97 for 2.5% PL and 6.08 for 3.5% PL compared to pH 5.8 of the beef homogenate
control (Table 5.1).
Effect of potassium bicarbonate, citric acid and their combinations paired with RF
heating on microbial inactivation
The microbial inactivation effects of seven different antimicrobial treatments were
compared with the control (without antimicrobials). The treatments were potassium
bicarbonate (PB) at 0.5%, 1.5% and 2.5% levels, citric acid (CA) at 0.5% level, and
combination treatments of PB and CA at 0.5% PB + 0.5% CA, 1.5% PB + 0.5% CA, and
2.5% PB + 0.5% CA.
In the unheated homogenate (4 °C), the bacterial populations (both aerobic and E.
coli) of control and the seven individual treatments were not significantly different
(p>0.05). This suggests that none of these antimicrobial treatments were effective against
microbial inactivation without the addition of heat.
In homogenates containing PB at concentrations 0.5%, and 1.5%, RF heating to 50
°C did not reduce (p>0.05). The bacterial populations (both aerobic and E. coli)
compared to the control (without PB). The bacterial populations in homogenates
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containing PB did not change between unheated (4 °C) samples and those heated to 50
°C. Addition of PB at higher concentration (2.5%) resulted in decrease in populations
(aerobic and E. coli) by 1.2 log10CFU/ml approx. during RF heating to target temperature
50 °C. At 50 °C, O.5% citric acid was one of the most effective treatments and the
bacterial populations (aerobic and E. coli) lowered by 2.4 log10CFU/ml approx. (figures
5.5 and 5.6). The contribution of citric acid to thermal inactivation of E. coli O157:H7
was explored by Mukherjee and others (2008), they found at 65 °C, treatments with 0.2%
citric acid resulted in 3-4 log reductions. The addition of citric acid to the beef
homogenate lowered its pH to 4.2. This large microbial reduction attributed by added
citric acid could be to its detrimental effect on the cells imparted by the lowered, acidic
pH. The PB+CA combination treatments with PB at higher concentrations (1.5% PB +
0.5% CA, and 2.5% PB + 0.5% CA) were found be equally effective as 0.5% CA in
reducing the bacterial populations (both aerobic and E. coli) at 50 °C (figures 5.5 and
5.6).
In homogenates containing 0.5% PB heated to 55 °C, the resulting log reductions
(both aerobic and E. coli) in control and treatment samples were not significantly
different (p > 0.05) (figures 5.5 and 5.6). After RF heating to 55 °C , the homogenates
containing 0.5% CA alone and in combination with higher levels of PB (1.5% and 2.5%
PB) showed a drastic decrease in the bacterial populations (both aerobic and E. coli) from
6 log10CFU/ml to below the detection limit. At 55 °C, the PB+CA combination treatment
with lower level of PB (0.5% PB) was not as effective as the corresponding treatments
with higher levels of PB. It resulted in a reduction of aerobic bacteria by approximately
2.9 log10CFU/ml and E. coli by approximately 3.7 log10CFU/ml.
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Conclusion
This study explored the efficacy of different antimicrobial treatments coupled with
RF heating against non-pathogenic E. coli in the beef homogenate model system. It offers
a strong foundation to conduct similar research in ground beef. Addition of potassium
bicarbonate (≥1.5%) and citric acid (0.5%) alone or in combination with each other into
80/20 beef homogenate has a significant log reduction effect on non-pathogenic E. coli
when paired with RF heating to 55 °C (rare doneness). Premature browning associated
with the application of citric acid in beef homogenates can be overcome by adding
potassium bicarbonate in combination with citric acid. Such antimicrobial systems could
be applied as interventions on ground beef to enhance the overall ground beef safety.
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TABLE 5.1. pH of beef homogenates containing different antimicrobial treatments
Antimicrobial Treatment

pH

Control

5.80d

2.5% Potassium lactate

5.97d

3.5% Potassium lactate

6.08d

0.5% Citric acid

4.20f

0.5% Sodium bicarbonate

6.42c

0.5% Ammonium bicarbonate

6.46c

0.5% Potassium bicarbonate

6.50c

1.5% Potassium bicarbonate

7.23a

2.5% Potassium bicarbonate

7.37a

0.5% Potassium bicarbonate + 0.5% Citric acid

5.38e

1.5% Potassium bicarbonate + 0.5% Citric acid

6.44c

2.5% Potassium bicarbonate + 0.5% Citric acid

6.88b

Values connected by same letters are not significantly different (p>0.05).
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FIGURE 5.1. Effect of 0.5% PB (potassium bicarbonate), 0.5% SB (sodium bicarbonate),
and 0.5% AB (ammonium bicarbonate) on APC (aerobic plate counts) population in
unheated beef homogenates (4 °C) and RF heated homogenates to 50 °C and 55 °C.
Means with different letters (a,b,c,d) are different (p<0.05).

!

91

!

7"

6"

log10CFU/ml!

5"

4"

3"

2"

1"

0"

4

50
Endpoint Temperature ( °C)!

Control

0.5% PB

0.5% SB

55

0.5% AB

FIGURE 5.2. Effect of 0.5% PB (potassium bicarbonate), 0.5% SB (sodium bicarbonate),
and 0.5% AB (ammonium bicarbonate) on E. coli population in unheated beef
homogenates (4 °C) and RF heated homogenates at 50 °C and 55 °C. Means with
different letters (a,b,c,d) are different (p<0.05)
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FIGURE 5.3. Effect 2.5% PL (potassium lactate), and 3.5% PL on APC (aerobic plate
counts) population in unheated beef homogenates (4 °C) and RF heated homogenates at
50 °C and 55 °C. Means with different letters (a,b,c,d) are different (p<0.05)
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FIGURE 5.4. Effect 2.5% PL (potassium lactate), and 3.5% PL on E. coli population in
unheated beef homogenates (4 °C) and RF heated homogenates at 50 °C and 55 °C.
Means with different letters (a,b,c) are different (p<0.05)
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FIGURE 5.5. Effect 0.5% PB (potassium bicarbonate), 1.5% PB, 2.5% PB, 0.5% CA
(citric acid) and combinations 0.5% PB + 0.5% CA, 1.5% PB + 0.5% CA, and 2.5% PB +
0.5% CA on APC (aerobic plate counts) populations in unheated beef homogenates
(4 °C) and RF heated homogenates at 50 °C and 55 °C. Means with different letters
(a,b,c,d,e,f,g,h,i) are different (p<0.05)
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FIGURE 5.6. Effect 0.5% PB (potassium bicarbonate), 1.5% PB, 2.5% PB, 0.5% CA
(citric acid) and combinations 0.5% PB + 0.5% CA, 1.5% PB + 0.5% CA, and 2.5% PB +
0.5% CA on E. coli populations in unheated beef homogenates (4 °C) and RF heated
homogenates at 50 °C and 55 °C. Means with different letters (a,b,c,d,e,f,g,h) are
different (p<0.05)
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CHAPTER 6
CONCLUSION
The results of the current study show that:
•

The initial temperature of surrounding water used for radio frequency cooking,
affects the heating times of beef homogenates, while it does not influence the
cooking of ground beef.

•

Water at 45 °C results in faster heating times irrespective of the homogenate leanto-fat composition. RF cooking of ground beef has similar cooking times
irrespective of initial temperature of surrounding water or the blend composition.

•

The discrepancies in the cooking pattern is a result of non uniform temperature
distribution w.r.t homogenate heating where three homogenate pouches were heated
at a single time compared to a one ground beef bag cooked each time in the oven.

•

RF cooked ground beef has favorable quality attributes with lower redness and
chroma, and higher hue angle and MMb values.

•

Inclusion of antimicrobial compounds enhances the safety of ground beef cooked to
low temperatures (50 and 55 °C) in the RF oven.

•

Addition of potassium bicarbonate (≥1.5%) and citric acid (0.5%) alone or in
combination to the beef homogenates and cooking to 55 °C (rare doneness) will
reduce ~ 6 logs of E. coli (below the detection limits).
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