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ABSTRACT
Studies were performed to evaluate the influence of oxygen scavengers and different
headspace atmospheres on master packed ground beef storage and display stability, as well as
their effect on package characteristics. Master packed ground beef with 20% CO2/80% N2, 20%
CO2/80% O2, 30% CO2/70% N2, or 0.4% CO/30% CO2/69.6% N2 and with or without oxygen
scavengers, Ageless® or FreshPax®, were stored at 0.5°C for up to 28 days and displayed at 4°C
for up to 4 days. Results indicated that changes in film deflation were mainly a result of carbon
dioxide concentration decrease in master packs. Comparing 20% CO2/80% O2 with 20%
CO2/80% N2 master packs without oxygen scavengers, high oxygen packages had slightly better
color stability during storage (p<0.05). However, these differences were not maintained during
display (p>0.05). In addition, TBARS as an indicator of lipid oxidation increased (p<0.05). To
improve color stability of low oxygen packages, the effect of oxygen scavengers during master
pack storage was investigated. As a result of decreased oxygen concentrations in the presence of
oxygen scavengers, transient discoloration was observed. In addition, red meat color, a* values
and oxymyoglobin concentration, was maintained for up to 28 days of storage. Nevertheless, a*
values during display decreased as storage time increased (p<0.05). The addition of CO in master
packs with oxygen scavengers improved meat redness, a* values and browning index, during
display (p<0.05). Aside from decreasing oxygen concentration, oxygen scavengers greatly
reduced headspace carbon dioxide and increased carbon monoxide concentrations during storage
(p<0.05). Among the microbial analyses performed, psychrotrophic bacteria counts were higher
after 14 and 21 days of storage when oxygen scavengers were not present (p<0.05). Oxygen
scavengers and CO independently and additively were beneficial for maintaining desirable fresh
meat color in master packed ground beef.
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Chapter 1
Introduction
The main objective of meat packaging is to maintain quality attributes throughout shelf
life, while providing an attractive fresh product. Master pack is a commonly-used, centralized
packaging system that provides benefits to all the members involved in the meat supply chain,
including meat packers, retailers, and consumers (Jeyamkondan, Jayas, & Holley, 2000; Tewari,
Jayas, & Holley, 1999). In the master pack system, a modified atmosphere maintains meat
freshness during distribution and storage, while retail display involves a traditional overwrap
package that is preferred by consumers.
Currently, two main types of master packs are used in the meat industry; high and low
oxygen systems (Husband, 1995). The advantages of using high oxygen atmospheres (bright red
lean color) have been studied and exploited in the last several decades. However, ongoing
recognition of oxidative processes, including color fading and lipid oxidation, has led to an
increased interest in using gas mixtures with negligible amounts of oxygen. In addition, many
high oxygen modified atmosphere packaging (MAP) systems used a deep tray package that was
unfamiliar to consumers. In those packages, high oxygen conditions were maintained through
storage and display. In master pack systems, meat is exposed to MAP conditions during storage,
but is exposed to air during retail display. Therefore, studies of the master pack system, using low
and high oxygen MAP conditions, can be valuable for the meat industry.
A challenge when using low oxygen gas mixtures is reaching and maintaining the
minimal levels of oxygen required in the headspace gas to avoid meat discoloration i.e.
metmyoglobin formation (Gill & McGinnis, 1995a; Sørheim, Westad, Larsen, & Alvseike, 2009;
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Venturini, Contreras, Sarantópoulos, & Villanueva, 2006). At ultra-low oxygen concentrations,
fresh meat undergoes transient discoloration, which consists of a two-step process in which
oxymyoglobin (red pigment) is oxidized to metmyoglobin (brown pigment) before being reduced
to deoxymyoglobin (purple pigment). The advantage of having deoxymyoglobin as the
predominant pigment during storage is that this pigment will readily bloom to a bright red color
after exposure to air (Mancini & Hunt, 2005). Therefore, it is important to study changes in meat
color during the first days of master pack storage in order to predict when transient discoloration
is resolved to avoid displaying meat with high amounts of metmyoglobin.
Oxygen scavengers are widely used to reduce oxygen concentration in master packs in
the meat industry (Gill & McGinnis, 1995b; Jeyamkondan et al., 2000; Limbo et al., 2013;
Tewari, Jeremiah, Jayas, & Holley, 2002). Moreover, further studies that consider the variability
among oxygen scavengers and low oxygen gas mixtures should be performed. In addition, other
changes in the master pack headspace gases can occur due to interactions of package components
with the gas atmosphere. Among those, carbon dioxide solubility in meat is important since
carbon dioxide is included in the headspace gas to inhibit microbial growth (Kennedy, Buckley,
& Kerry, 2005; Martínez, Djenane, Cilla, Beltrán, & Roncalés, 2005; Tewari et al., 1999).
Therefore, it is necessary to better understand how these changes affect meat and package traits.
Another method to assure color stability in low oxygen atmospheres is the use of carbon
monoxide in the headspace gas mixture. Low levels of carbon monoxide have been shown to
increase meat color shelf life (Brooks et al., 2008; De Santos, Rojas, Lockhorn, & Brewer, 2007;
Grebitus, Jensen, Roosen, & Sebranek, 2013; Jeong & Claus, 2010; Luño, Beltrán, & Roncalés,
1998). Nonetheless, comparing the effects of oxygen scavengers with or without carbon
monoxide used in master packs during meat storage and display has been overlooked.
To have a better understanding of how master packs affect meat quality stability, it is
crucial to determine the interactions among the different components in the packaging system. In
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particular, the effect of headspace atmosphere and oxygen scavenger should be further
investigated. The following work will try to fill this gap, exploring how these factors affect
package and ground beef characteristics during master pack storage and subsequent retail display.
Ground beef was selected as a result of its high popularity in the industry and the challenges it
presents due to its inherent low stability.
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Chapter 2
Literature Review

Meat Color Fundamentals
One important goal of the meat industry is to maintain a desirable color in fresh meat, as
a red color is associated with freshness by consumers (Jeyamkondan et al., 2000). Consumers
perceive meat discoloration as a sign of microbial spoilage; even though, this is seldom the case
(Young & West, 2001). For this reason, efforts to delay discoloration through improvements in
storage, distribution, packaging, and retail display are sought to avoid important economic losses
(Seideman, Cross, Smith, & Durland, 1984).
Myoglobin, hemoglobin, and cytochrome C are the heme proteins responsible for meat
color. Among them, myoglobin is the principal contributor (Mancini & Hunt, 2005). Myoglobin
structure consists of 153 amino acids forming a globular protein and a prosthetic group (Yin et
al., 2011). The iron located in the center of the porphyrin ring presents six binding sites. From the
amino acids of the myoglobin molecule, histidines 64 and 93 influence meat color stability
through regulation of access to the free-ligand site in the heme ring and through binding to the
iron’s fifth coordination site, respectively (Mancini, 2009). Color derives from the redox state of
the iron atom, as well as from the ligand in its sixth coordination site (Mancini & Hunt, 2005;
Seideman et al., 1984). As a result of the nature of the reactions involved, meat color changes due
to different myoglobin forms could be reversible (Seideman et al., 1984).
As explained in Mancini and Hunt (2005), Mancini (2009), Seideman et al. (1984), and
Young and West (2001), inter-conversion of myoglobin forms occurs as follows (Figure 2-1).
The purple-red color exhibited when deoxymyoglobin is the dominant meat pigment results from
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having no ligand in the 6th coordination site and iron in the ferrous, reduced, state. When in
presence of molecular oxygen, the purple pigment turns bright red i.e. the color associated with
fresh meat, given by a high oxymyoglobin concentration. Level of exposure to oxygen will also
influence the depth of the oxymyoglobin layer. In low oxygen partial pressures, 0.1 to 1% oxygen
(Penney & Bell, 1993), metmyoglobin formation, recognized by meat’s brown pigment, is
favored. This myoglobin form results from the oxidation of the iron atom to the ferric state. As
discussed later, enzymatic metmyoglobin reducing activity of meat, paired with mitochondrial
oxygen consumption, can reduce metmyoglobin to deoxymyoglobin. However, the enzymes
involved in these reactions, in addition to NADH pool, are limited. Moreover, the rate of
autoxidation i.e. metmyoglobin formation is greatly influenced by intrinsic and extrinsic factors
like pH, microbial growth, light, and temperature.
Great interest in the chemistry of carbon monoxide, as the myoglobin iron’s 6th
coordination site ligand, has resulted from the recognition that carboxymyoglobin is a stable,
bright-red pigment. Nonetheless, despite advances in this area in recent years, several questions
are still unanswered (Mancini & Hunt, 2005). Carbon monoxide interaction with meat through
the package headspace atmosphere will be further discussed later in this chapter.
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Figure 2-1. Principal myoglobin forms in meat.
Based on Mancini and Hunt (2005)

Meat bloom
Meat that is in a reduced state, containing mainly the purple pigment, deoxymyoglobin,
will bloom or transform to a bright red color, oxymyogloblin, when exposed to air (Mancini &
Hunt, 2005; Seideman et al., 1984). Normally, fresh meat that has been allowed to bloom will
contain two myoglobin pigments, oxymyoglobin and metmyoglobin. Even though metmyoglobin
could be present, meat will be red given that oxymyoglobin predominates (Seideman et al., 1984).
Oxygen consumption rate (OCR) is important when considering red meat’s bloom. Since
mitochondria compete for oxygen availability with myoglobin, a dark, deoxygenated meat color
will prevail (Mancini, 2009). Muscles that have high oxygen consumption rate exhibit decreased
color stability (Renerre & Labas, 1987). In addition, a high oxygen consumption rate of meat
results in a decreased penetration of the oxymyoglobin layer during blooming (O’Keeffe & Hood,
1982; Renerre & Labas, 1987).
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It has been found that oxygen consumption of beef muscle stored in low oxygen
atmospheres decreases as storage time increases. After only two days of storage, meat’s OCR was
shown to decrease considerably (O’Keeffe & Hood, 1982). A reduction in OCR during storage
may increase the depth of oxymyoglobin in the meat when it is allowed to bloom in air, allowing
oxygen to bind to deoxymyoglobin and resulting in better color parameters (O’Keeffe & Hood,
1980). Indeed, Isdell, Allen, Doherty, and Butler (1999) found a redder or similar meat color in
beef steaks from color-stable muscles that were stored for longer periods of time as compared to
fresh meat. However, this observation does not relate to retail display, as meat stored in low
oxygen atmospheres has been shown to have a reduced shelf life when compared to meat that was
displayed without first being stored (O’Keeffe & Hood, 1980). Results found by Limbo et al.
(2013) disagree, showing that beef steaks stored in a low oxygen atmosphere with an oxygen
scavenger presented better quality attributes during display than meat that was never in a master
pack and exposed only to air. They suggest that these results will be a function of a decrease in
meat OCR during storage.

Transient discoloration
When meat is stored in low oxygen conditions, metmyoglobin is formed due to the low
oxygen tension. If oxygen levels are further reduced, then the oxidized pigment will be converted
to deoxymyoglobin (Seideman et al., 1984). These changes are known as transient discoloration
(Gill, 1996; Limbo et al., 2013; Sørheim et al., 2009). To accomplish this, mechanisms to reduce
oxygen levels, as well as to convert metmyoglobin to deoxymyoglobin, need to be involved.
In packages with low oxygen atmospheres, residual oxygen present in the headspace gas
could cause increased formation of metmyoglobin in meat (O’Keeffe & Hood, 1980; Seideman et
al., 1984; Sørheim et al., 2009). In this package type, having meat with a high oxygen
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consumption rate (OCR), such as ground beef, is important to reduce residual headspace oxygen
levels (Sørheim et al., 2009). To avoid permanent discoloration, Sørheim et al. (2009) have
concluded that storage of ground beef, for at least two days in packages that contain less than
0.1% of oxygen in their headspace gas, is needed for high proportions of deoxymyoglobin to be
present in the meat. Other authors emphasize the necessity of storing meat in low oxygen
atmospheres for a minimum number of days to allow transient discoloration to be resolved (Gill
& Jones, 1994a, 1994b; Gill, 1996).
Metmyoglobin reducing ability (MRA) results from a group of enzyme-mediated
reactions that transform metmyoglobin in the surface of meat to deoxymyoglobin. This process
occurs due to reduction of the iron molecule in the heme of myoglobin from ferric to the ferrous
state. The additional electron comes from the reducing enzyme systems found in meat (Seideman
et al., 1984). In a complex system like ground beef where various muscles with different color
stabilities (O’Keeffe & Hood, 1982; Renerre & Labas, 1987) can be blended together, it is
difficult to predict the ability of the meat to reduce metmyoglobin to deoxymyoglobin. However,
Raines, Hunt, and Unruh (2010) showed that, in general, having no more than 25% of low color
stability muscles and no less than 50% of high stability ones provided a better color shelf life.
Having a greater proportion of high color stability muscles is especially important in ground beef
where high MRA is needed since its comminuted nature provides more surface area for
metmyoglobin formation (Raines et al., 2010).

Display-ready Meat Packaging
Various types of display-ready meat packaging have been developed with a focus on
consumer acceptability. New packaging systems featuring safety, convenience, and quality are
always sought (Kerry, O’Grady, & Hogan, 2006). In addition, there is a trend toward centralized
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meat packaging systems that allow for reduced in-store labor (Belcher, 2006; Eilert, 2005).
Among the different packaging systems, overwrap packages, modified atmosphere packaging
(MAP), and vacuum packaging will be discussed due to their marked differences and increased
popularity.

Air permeable packaging
Since the mid-1950’s, fresh meat has been packaged using air permeable overwrap
packages (Martin et al., 2013). This traditional package type involves placing meat in trays,
normally made of polystyrene, and overwrapping them in a highly oxygen permeable stretch film.
This kind of package provides an initial desirable red color. However, due to pigment oxidation,
color fades quickly, which reduces the time available for retail display (Sørheim et al., 2009). The
popularity of this meat packaging system derives from its low cost and ease of utilization. In
addition, Carpenter, Cornforth, and Whittier (2001) showed that there is a clear consumer
preference for beef steaks and patties that were packaged in a more traditional polyvinyl chloride
overwrap package when compared to meat packaged in MAP or vacuum packaging. Consumer
acceptability makes overwrap packaging one of the most popular package types for retail display
(Martin et al., 2013).

Vacuum packaging
One of the most common mechanisms to improve meat shelf life is to remove air from its
surroundings, thereby minimizing oxidation reactions and aerobic microbial growth (Taylor,
Down, & Shaw, 1990; Zhao, Wells, & McMillin, 1994). With purple-colored deoxymyoglobin as
the predominant pigment in vacuum packaged fresh meat, retail display could be a challenge,
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considering that most consumers are not familiar with this color (Jeyamkondan et al., 2000;
Lagerstedt, Lundström, & Lindahl, 2011; Resconi et al., 2012).
The constant innovation in the packaging industry has resulted in development of a
package type named FreshCase® from Curwood, Inc. (Oshkosh, WI, USA) that addresses the
color issue associated with vacuum packaging of fresh meat. Through the use of sodium nitrite in
the meat contact layer, it enables vacuum packaged meat to achieve a fresh red color (Reynolds,
2012). In meat, sodium nitrite is chemically reduced to nitric oxide (Lawrence & Mancini, 2004).
The nitric oxide binds to the iron of myoglobin-forming nitrosylmyoglobin or nitric oxide
myoglobin resulting in the desired red meat color (Morita, Sakata, & Nagata, 1998). Claus and
Du (2013) studied the use of these nitrite-embedded films on beef steaks and reported increased
color stability, along with measurable levels of residual nitrite and nitrate present in the muscle
surface. They also suggested that meat should be given a sufficient contact time with the package
film to allow nitric oxide myoglobin to develop. Song, Cornforth, Whittier, and Luo (2015)
propose an alternative method, using the same principle, where sodium nitrite is sprayed over the
meat before vacuum packaging. The purpose of this step is to have a more economical way to
have a bright red meat in vacuum packages. They found that a concentration of nitrite in the spray
of 250 to 350 ppm was needed for beef steaks to maintain a red color during 21 days of anoxic
storage with residual nitrite levels below 1ppm.
Another variation of the typical vacuum package is the forming/non-forming vacuum
package or individual vacuum-sealed pockets. The forming film is shaped to hold the meat,
whereas the non-forming film will be heat sealed to the formed film while under vacuum (BemisCurwood, 2014). While no effort is made to modify the purple color, the idea of this package type
is to provide consumers flexibility of use, since meat can be portioned and packaged in individual
small servings (Connolly, 2007).
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Modified atmosphere packaging
Looking for ways to improve shelf life and at the same time display an appealing fresh
meat to consumers, modified atmosphere packaging (MAP) has become a common meat
packaging method. MAP consists of packaging meat in an impermeable package from which air
atmosphere is removed and replaced with a specific gas mixture (McMillin, 2008; Miltz & Perry,
2005). When comparing this package type to a traditional overwrap package, MAP provides an
increased shelf life and color stability (Lagerstedt et al., 2011).
Gases that are commonly used in MAP are CO2, O2, and N2. Nitrogen is an inert gas,
used primarily as a replacement of more active gases (Tewari et al., 1999). Oxygen is used in
some package atmospheres to enhance the red color at the meat surface, since it binds to
myoglobin to form oxymyoglobin (Jeyamkondan et al., 2000; McMillin, 2008; Zhao et al., 1994).
The use of low oxygen atmospheres to avoid oxidation reactions (Jayasingh, Cornforth,
Brennand, Carpenter, & Whittier, 2002; Kim, Huff-Lonergan, Sebranek, & Lonergan, 2010), as
well as to control the growth of aerobic spoilage bacteria (Sørheim, Nissen, & Nesbakken, 1999),
is preferred. In addition, carbon dioxide is usually included in the headspace of packages to
suppress microbial growth (Kennedy et al., 2005; Martínez et al., 2005; Miltz & Perry, 2005),
thereby increasing fresh meat shelf life (Wilkinson, Janz, Morel, Purchas, & Hendriks, 2006).
Another frequently used gas is carbon monoxide, since it enhances and stabilizes meat color (De
Santos et al., 2007; Jeong & Claus, 2011; Wilkinson et al., 2006). A more detailed explanation of
the effect of different gas mixtures will be included in the Master Packs section of this chapter.
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Master Packs
Among the several options to package retail-ready fresh meat, centralized packaging
systems have increased in popularity (Jeremiah & Gibson, 2001). Master pack is a popular
centralized packaging system used to maintain quality and increase shelf life of fresh meat
through distribution and retail display (Jeyamkondan et al., 2000; Tewari et al., 1999). In a master
pack system, meat cuts are individually packaged in retail-ready overwrap trays that are placed in
modified atmosphere master packs for storage and distribution. At the retail store, the trays are
removed from the master packs and displayed for sale. One important benefit of master pack is
that, during retail display, it provides consumers with a familiar overwrap package, while
extending shelf life through modified atmospheres during storage.
Grebitus et al. (2013) showed how purchasing decisions of consumers are based on
quality attributes of meat like color and shelf life. They also indicated that consumers’
willingness to pay more for an improved color decreased when they were informed that this can
be achieved by addition of carbon monoxide in the package. Even though master packs frequently
have carbon monoxide as one of their gases, retail display of packages in overwrap trays is seen
by consumers as a more traditional packaging type. This, along with ease of stocking and
efficient use of space make master packs popular with many retail store operators (Accetta,
2009). Some other advantages of meat packaged in master packs are related to the flexibility that
it provides to retailers due to its longer storage life (Kennedy et al., 2005).
Master packs consist of a secondary package in which meat packaged in individual
polystyrene trays with high gas permeable polyvinyl chloride overwrap film are multipacked in
an impermeable master bag, which contains a combination of gases to maintain the product
stability until they are unpacked and displayed at the retail store. Meat discoloration occurring
during anoxic master pack storage is restored after meat is allowed to bloom prior to display.
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After blooming, meat on display should present a typical cherry-red color caused by the presence
of oxymyoglobin that is obtained due to the permeability of the primary package to oxygen
(Jeyamkondan et al., 2000; Kennedy et al., 2005; Limbo et al., 2013).
Master packs are used for two main reasons: to extend the shelf life of the product or to
enhance its color. A rich carbon dioxide atmosphere is commonly used to extend product shelf
life, while an oxygen rich atmosphere is needed to obtain a desirable color (Husband, 1995). Even
though a high oxygen atmosphere can promote myoglobin oxygenation, high concentrations of
oxygen can promote oxidative reactions as well (Mancini & Hunt, 2005). The main disadvantage
of meat packaged in high oxygen atmospheres is that a high oxygen content promotes lipid
oxidation (Aksu & Alp, 2012; McMillin, 2008). In addition, high oxygen concentrations have
also been linked to protein oxidation, leading to a decrease in tenderness and water holding
capacity (Harvison & Mills, 2015; Lagerstedt et al., 2011; Lund, Lametsch, Hviid, Jensen, &
Skibsted, 2007; Zakrys-Waliwander, O’Sullivan, O’Neill, & Kerry, 2012). Also, a possible food
safety concern has been attributed to high oxygen packaging, since it tends to produce premature
browning that may lead to undercooking in some meats (De Santos et al., 2007; Grobbel,
Dikeman, Hunt, & Milliken, 2008; John et al., 2005). In summary, high oxygen packages may
compromise meat quality characteristics by promoting lipid, myoglobin, and protein oxidation
(Kim et al., 2010). These drawbacks associated with high oxygen packaging have increased the
interest of using gas mixtures with negligible amounts of oxygen and high concentrations of
carbon dioxide and nitrogen, in addition to low concentrations of carbon monoxide (Sørheim et
al., 2009).
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Changes in headspace gas concentration in modified atmosphere packages
There are several ways that package headspace gas concentration can be affected. Among
them, package permeability and meat solubility are factors that contribute the most to these
changes (Simpson, Acevedo, & Almonacid, 2009).

Meat gas solubility
MAP gases, such as oxygen and carbon monoxide, must dissolve in meat fluid in order to
be able to interact with myoglobin to stabilize a red meat color. Additionally, carbon dioxide in
the headspace must dissolve in order to affect the microbial environment of the meat. Carbon
dioxide from the package atmosphere dissolves in both meat fat and lean tissue until equilibrium
is obtained (Gill, 1988). Studies have shown that during the first few days of storage, carbon
dioxide equilibrium between meat and the headspace gas is reached (Al-Nehlawi, Saldo, Vega, &
Guri, 2013; Jakobsen & Bertelsen, 2002b; Møller, Jensen, Olsen, Skibsted, & Bertelsen, 2000;
Penney & Bell, 1993; Rotabakk, Birkeland, Jeksrud, & Sivertsvik, 2006). Simpson et al. (2009)
calculated the solubility of carbon dioxide in beef muscle to be 43 mmol/kg atm and 31 mmol/kg
atm in beef fat. Depending on the packaging and storage conditions, carbon dioxide solubility in
meat can vary drastically, ranging from 0 to 1.79 L CO2/kg meat (Jakobsen & Bertelsen, 2002b).
Predicting the amount of carbon dioxide that will be absorbed by meat is important,
mainly to assure an adequate concentration for microbial inhibition, but also to avoid package
collapse if a pressure differential is created. The low solubility of nitrogen in meat has influenced
its presence as a filler gas that can maintain the package volume, preventing package collapse
(Al-Nehlawi et al., 2013; Rotabakk, Lekang, & Sivertsvik, 2007). In addition, it is recommended
that carbon dioxide be added in a quantity that surpasses that needed to reach equilibrium with
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meat. A carbon dioxide gas pre-treatment may be used to saturate meat with the gas before it is
packaged, in order to prevent subsequent package volume reduction (Al-Nehlawi et al., 2013;
Rotabakk et al., 2006). Jakobsen and Bertelsen (2004) demonstrated that carbon dioxide partial
pressure and the volume ratio of headspace gas to meat are the most important factors affecting
carbon dioxide absorption. In cases where high concentrations of carbon dioxide were used in the
package i.e. over 30%, at least 2L gas/kg meat were needed to avoid package collapse. It was also
shown in the study that increasing fat content could increase or reduce carbon dioxide meat
solubility depending on the storage temperature, temperatures over or under 2°C, respectively. In
addition, as seen in other studies, carbon dioxide solubility decreases as the temperature increases
(Gill, 1988; Rotabakk et al., 2007).

Package gas permeability
In master pack systems, the overwrap package uses highly permeable film. It is notable
that several researchers investigating master pack systems thought it necessary to further increase
gas transmission by puncturing the film several times to assist the exchange of gases from the
headspace of the master pack to the meat (Limbo et al., 2013; Tewari, Jeremiah, et al., 2002;
Wilkinson et al., 2006). This shows the importance of the film permeability since doing so is not
feasible in an industrial operation. Beggan, Allen, and Butler, 2005 discuss the use of microperforated lidding films as an alternative to allow a better gas exchange through the film. The
main reason to increase permeability of the film is to allow meat to bloom quickly and to avoid
oxidation of the iron in the heme ring of myoglobin due to low oxygen tension (Seideman et al.,
1984).
Contrary to what was described for overwrap packages, the master pack secondary
package needs to be impermeable. The reason for this requirement is to maintain the gas mixture
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concentration as unaffected by the outside atmosphere. If the gas barrier is low, active gases can
escape the package, decreasing the concentration that is available to the meat (Rotabakk et al.,
2007)

Changes in meat color
It is well known that meat color can be affected by many intrinsic and extrinsic factors
(Faustman & Cassen, 1990; Renerre, 1990). An understanding of how different factors affect
meat color stability is helpful in being able to choose the appropriate set of meat packaging and
storage conditions (Jakobsen & Bertelsen, 2002a). Among them, temperature and light exposure
will be discussed in this section. Headspace gas contribution to color changes in master packs will
be discussed later in this chapter.

Temperature
It has been shown that high temperatures can greatly influence color stability through
increased microbial growth, as well as myoglobin oxidation (Renerre, 1990). High temperatures
will increase the predisposition of myoglobin to be oxidized for two main reasons. First, the heme
portion of the myoglobin will become more available making it easier for metmyoglobin to be
formed; and second, enzymes that take up oxygen will increase their function, which will reduce
oxygen levels and compete with myoglobin for available oxygen. This will result in increased
metmyoglobin formation in meat (Seideman et al., 1984). It has been shown that as temperature
increases, oxygen consumption rate of muscle increases, showing high temperature dependence
(Bendall & Taylor, 1972). Greater oxygen uptake by enzymes leads to low oxygen tension in the
package atmosphere, resulting in discoloration (Renerre, 1990). In cases where very-low oxygen
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packaging is used during storage/distribution of meat, oxygen uptake by enzymes is less
important. However, if using high oxygen atmospheres or during retail display in oxygen
permeable packages, it becomes critical to avoid reducing oxygen levels in meat to the critical
range where metmyoglobin formation is triggered.
Jakobsen and Bertelsen (2000) found that temperature and storage time were the two
most important factors determining color stability in fresh beef muscle. Rogers et al. (2014)
showed that low oxygen atmosphere packaging maintains color better than high oxygen during
storage at an abusive temperature of 10°C. In addition, when carbon monoxide was added to the
headspace gas mixture, color stabilization was obtained, even at the high storage temperature.
They concluded that the increased temperature affected color parameters in overwrap and high
oxygen packages, based on increased microbial growth and oxidation rates.

Lighting
Lighting can be a contributing factor in pigment discoloration i.e. metmyoglobin
formation in meat (Renerre, 1990). To understand the stability of meat color and also its
acceptability by consumers, the effect of display lighting on different meat shelf life
characteristics has been studied. Barbut (2002) found that the use of incandescent lighting was
preferred by panelists over fluorescent and metal halide as retail lights for chicken, beef, and pork
cold meat cuts. Another study conducted by Barbut (2005) showed that incandescent and
intermediate temperature fluorescent (3600K) lighting resulted in a more desirable color
rendering in fresh pork, chicken, and beef in overwrapped packages when compared to a high
temperature fluorescent (5000K) illumination. Barbut concludes that the use of incandescent
lighting, although preferred for its color rendering, is not practical nor recommended inside the
display cooler due to its increased heat generation. Mancini and Hunt (2005) reported that to
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reduce oxidation and obtain the best color rendering results, using fluorescent lighting at 1614 lux
with a color temperature of 3000 to 3500K is suggested.
Djenane, Sánchez-Escalante, Beltrán, and Roncalés (2001) found that lighting without
UV radiation, low UV lamp or fluorescent with a UV filter, increased shelf life of fresh beef
packaged in a high oxygen atmosphere from 12 days to 22 to 28 days, presenting similar
characteristics as meat stored in the dark. This finding was demonstrated based on meat color,
lipid oxidation, bacterial counts, and sensory evaluation. In a similar study, Djenane, SánchezEscalante, Beltrán, and Roncalés (2003) showed that using a light source that lacks UV radiation,
in combination with added vitamin C and rosemary, increased meat shelf life by 10 days.
Another type of illumination that is gaining some interest is the light emitting
diode, LED. Advantages of LED for refrigerated display lighting include a reduced energy
demand and lower heat output when compared to fluorescent lights (Steele et al., 2012). In a
study conducted by Steele et al. (2012), three fresh beef products in overwrap packages had better
color stability when displayed under LED lighting compared to fluorescent lighting. Similar work
done by O’Halleran and Claus (2010) measured the effect of LED and fluorescent lighting on
color stability of air and pure oxygen bloomed fresh frozen beef steaks and reported that meat
under LED lighting showed a reduction in metmyoglobin formation. However, they concluded
that the increased color stability did not correspond with a practical shelf life advantage. Their
results also indicated that metmyoglobin formation was not restricted based on the absence of UV
in LED lighting, suggesting that wavelengths close to UV radiation present in LED lighting could
be enough to allow meat discoloration. Therefore, further research is needed to validate and
determine what wavelengths and energy spectrums exactly trigger meat oxidation and
deterioration.
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Changes in microbial population
In combination with meat color and oxidative reactions, microbial activity has often been
found to be a major determinant of fresh meat shelf life (Sun & Holley, 2012). Therefore,
considering how microbial growth is affected through packaging storage, distribution, and display
conditions and the meat changes associated with this growth is essential.

Effect of packaging conditions on microbial growth
The gases included in the headspace of the package can greatly influence the
predominant microbial population in meat. Various studies have reported that the predominant
psychrotrophic bacteria under aerobic conditions are Pseudomonas (Gill, 1996; Koutsoumanis,
Stamatiou, Skandamis, & Nychas, 2006; Viana, Gomide, & Vanetti, 2005). Therefore, the main
objective of having anoxic atmospheres is to inhibit the growth of aerobic bacteria, specially
Pseudomonas, leaving predominantly lactic acid bacteria, with low spoilage potential, in master
packs (Jeyamkondan et al., 2000; Kennedy et al., 2005; Renerre, 1990; Sun & Holley, 2012).
Pseudomonas are considered to have a high spoilage potential since they metabolize meat glucose
and amino acids (Sun & Holley, 2012). Buys, Krüger, and Nortjé (1994) showed that low oxygen
master packs provided an extended microbial shelf life when compared to packages using 25 and
80% oxygen. In addition, it has been reported that facultative anaerobes might be the principal
bacteria in meat during storage in low oxygen atmospheres (Venturini et al., 2010; Viana et al.,
2005).
As stated before, using carbon dioxide in the headspace gas of packages suppresses
microbial growth. Silliker, Woodruff, Lugg, Wolfe, and Brown (1977) showed that carbon
dioxide can have a bacteriostatic effect during storage and that there is a residual effect even after
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meat is exposed to air. Kennedy et al. (2005) studied master packed lamb muscles with carbon
dioxide concentrations between 80 to 100% and found that meat stored for 7 days, compared to 4
days, presented lower total viable counts during display. These results suggest that longer
exposure to the gas may positively influence meat microbial shelf life during later display. Some
of the proposed mechanisms by which carbon dioxide has an inhibitory effect on microbial
growth are changes in microbial cell membrane permeability, substitution of oxygen, decrease in
pH when carbonic acid is formed, and changes in cell proteins that will ultimately affect
microbial enzyme activity (Dixon & Kell, 1989; Jeyamkondan et al., 2000; Zhao et al., 1994). In
addition, it is important to consider that carbon dioxide is more efficient when microbial growth
is in the lag phase (Viana et al., 2005).

Effect of microbial growth on meat
In general, meat spoilage is due to different quality changes including off-odor, offflavor, changes in appearance e.g. slime formation, discoloration, and/or gas development (Borch,
Kant-Muermans, & Blixt, 1996; Nychas, Skandamis, Tassou, & Koutsoumanis, 2008). In
packaged meat, both mitochondrial respiration and microbial metabolism affect headspace gas
concentrations including oxygen uptake and subsequent production of carbon dioxide (Simpson
et al., 2009). As a result, in fresh meat, a rise in CO2 concentration after 8 to 9 days of storage
could be detected (Zhao et al., 1994). Venturini et al. (2010) showed that the presence of oxygen
(21%) in the headspace gas of beef steak packages affected microbial populations, leading to an
increased carbon dioxide concentration in the package during the longest storage periods.
Odors can also be affected by the dominant bacterial type in different package headspace
gases. In aerobic conditions, spoiled meat has a characteristic “sweet fruity odor” caused by the
ethyl esters produced by Pseudomonas. On the other hand, in anoxic atmospheres a “sour acid
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odor” will predominate due to the presence of acid end-products caused by lactic acid bacteria.
Spoilage in anoxic atmospheres is slower and the resulting odor is less intense than that of aerobic
spoilage (Dainty & Mackey, 1992).
Pigment discoloration in meat has mainly been associated with aerobic bacteria
(Seideman et al., 1984). When levels of aerobic bacteria reach 108 to 109 CFU/cm2,
metmyoglobin formation could be increased if oxygen levels are sufficiently reduced
(Jeyamkondan et al., 2000). Buys (2004) reported an increase in deoxymyoglobin as a result of
microbial growth in pork after 21 days of high oxygen master pack storage and over 4 days of
retail display. It is important to mention that in aerobic conditions during display, discoloration of
meat, due to bacteria growth, will probably not be the first sign of spoilage (Jeyamkondan et al.,
2000). A green discoloration caused by the formation of sulphmyoglobin when hydrogen
sulphide is produced has been related to some types of Gram-negative bacteria (Egan, Shay, &
Rogers, 1989). This discoloration has mostly been shown to affect high pH (>6) meat (Dainty &
Mackey, 1992; Egan et al., 1989).
It has also been shown that pH may be affected by the activity of microorganisms. Limbo
et al. (2013) showed a decrease in pH from 5.75 to 5.50 during master pack storage of beef in
anoxic conditions. They attributed this decrease to predominance of lactic acid bacteria in the
meat microbial population. Similarly, Venturini et al. (2010) showed that during storage, a lower
pH was found in beef steaks stored in packages without oxygen, when compared to packages with
21% oxygen. Though they did not find that lactic acid bacteria were dominant, they explained
that there was a possible relationship with the activity of lactic acid bacteria in anoxic
atmospheres. In addition, aerobic bacteria have been shown to increase meat pH as a result of
amino acid degradation (Gill, 1976).
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The use of carbon monoxide
Carbon monoxide, due to its color stabilizing potential, is frequently used in combination
with low oxygen atmospheres in fresh meat MAP packages. At concentrations of 0.4%, it has
been approved for use in consumer-ready fresh meat packaging and master bags by the U.S. Food
and Drug Administration since 2004 and 2002, respectively (Burrows & Brougher, 2008; FDA,
2002, 2004).
The main consumer concern with the use of carbon monoxide is its possible ability to
retain a desirable red color in meat after its microbial shelf life has been exceeded (Sun & Holley,
2012). In addition, at levels of 0.4%, carbon monoxide was shown to lack an inhibitory effect on
pathogenic or spoilage bacteria in meat (Wilkinson et al., 2006). Nonetheless, using 0.4% carbon
monoxide in the package headspace gas has been found to not mask microbial spoilage i.e.
maintain carboxymyoglobin red color (Hunt et al., 2004; Lavieri & Williams, 2014). On the other
hand, other studies suggest the possibility of having a desirable red color long after meat spoilage
(Jayasingh, Cornforth, Carpenter, & Whittier, 2001; Sørheim et al., 1999). In addition, ground
beef with metmyoglobin, formed through aerobic oxidation and residual low oxygen, could be
reversed to carboxymyoglobin through exposure of carbon monoxide (Jeong & Claus, 2010).
This finding implies that knowing the microbial status of meat throughout product storage and
display is important. If precautions are taken through adequate sanitation and cold chain
maintenance during slaughter, packaging, distribution, and display and appropriate package code
dating is utilized, carbon monoxide can be an effective tool for use in marketing fresh meat.
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Effect on meat color
Carbon monoxide has been widely studied as a gas for fresh meat packaging in low
oxygen atmospheres. It binds to myoglobin and forms carboxymyoglobin, a highly stable cherryred pigment (Brooks et al., 2008; De Santos et al., 2007; Grebitus et al., 2013; Jeong & Claus,
2010; Luño et al., 1998). Jeong and Claus (2010, 2011) found that increasing time of exposure of
ground beef to carbon monoxide (0.4%) enhanced meat redness. However, with longer time in
storage, the red color faded more quickly when the carbon monoxide was removed during retail
display. Carbon monoxide binds to myoglobin forming carboxymyoglobin. However, at retail
display when the product is exposed to air, the lack of carbon monoxide and higher oxygen in the
environment will enhance carbon monoxide dissociation from myoglobin (Mancini & Hunt,
2005).
Jeong and Claus (2010) showed that carbon monoxide can convert metmyoglobin to
carboxymyoglobin, leading to a color change from brown to bright red. Care must be taken to
assure that consumers do not purchase products that look nice, but have undergone microbial
spoilage. Viana et al. (2005) also showed how the incorporation of 1% CO to an anoxic
atmosphere of 99% CO2 preserved pork loin color better (up to 20 days of storage) when
compared to having only carbon dioxide or oxygen in the headspace. Venturini et al. (2010)
studied beef steaks packaged at two levels of carbon monoxide (0.2% and 0.4%) with 21%
oxygen or without oxygen (using oxygen scavengers). They found that better quality attributes
were maintained for up to 21 days of storage in oxygen depleted atmospheres with 0.2% CO and
30% CO2. The authors also suggested that higher levels of carbon dioxide (>30%) should be used
if ground beef will be stored for more than 21 days.
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Toxicology of carbon monoxide
The toxicological effect of carbon monoxide relies on its higher affinity to binding blood
hemoglobin compared to oxygen, which inhibits oxygen transportation and the availability for
metabolic purposes (Raub, Mathieu-Nolf, Hampson, & Thom, 2000). In general, carbon
monoxide as part of the gas mixture used in the package is accepted as a safe distribution
mechanism (Wilkinson et al., 2006). According to Sørheim, Aune, and Nesbakken (1997)
consumption of meat that has been exposed to carbon monoxide possess negligible risk to
consumers. Carbon monoxide not only disassociates from meat after removal from the carbon
monoxide atmosphere, but also, after cooking, residual levels are minimal. Therefore, the authors
concluded that it is highly unlikely that carbon monoxide-treated meat will produce elevated
levels of carboxyhemoglobin as part of one daily meal.
Raines and Hunt (2010) compared the Environmental Protection Agency (EPA) National
Ambient Air Quality Standard for CO inhalation with the risk to someone opening meat packages
with 0.8% carbon monoxide as part of the gas mixture. They calculated that 4050 packages will
need to be opened in the same place to reach the EPA standard for CO inhalation. Therefore, they
emphasized that even if the package headspace volume is decreased and the CO concentrations
are increased, there is no foreseeable consumer safety threat. Cornforth and Hunt (2008)
explained that no risks to consumers or workers were found when carbon monoxide is used in
modified atmosphere packages. They showed that exposure is well below EPA standards for
workers in the plant environment or consumers in the home, when packages are opened or meat is
consumed.
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The use of oxygen scavengers
The main goal of using oxygen scavengers is to reduce oxygen concentrations in the
package headspace gas and to maintain it at very low levels to avoid discoloration of fresh meat
(Beggan et al., 2005; Isdell et al., 1999; Jeyamkondan et al., 2000; Limbo et al., 2013).
Importance of not only reducing oxygen levels, but maintaining it at ultra-low concentrations,
relies on scavenging oxygen that is already in the package headspace, oxygen contained in the
product matrix, and oxygen coming from the air atmosphere due to package permeability
(Charles, Sanchez, & Gontard, 2006). If oxygen concentration is not maintained below 0.1%
(O’Keeffe & Hood, 1980; Sørheim et al., 2009) to 0.05% (Mancini & Hunt, 2005) for beef,
metmyoglobin formation rate increases (Seideman et al., 1984). Therefore, the amount of oxygen
available to the meat will determine the success or failure of the packaging used. Sørheim et al.
(2009) has reported that although ground beef has a higher capacity to utilize oxygen compared to
intact muscles, it also incorporates more oxygen during its processing, making it difficult to
achieve the low oxygen levels required. They also showed that packaging fresh raw materials can
help to reduce residual oxygen levels.
A number of factors can determine residual oxygen levels in master packs. Among them,
the packaging equipment used and how efficiently it replaces air with the gas mixture; the
permeability of the overwrap film, with the higher the better; the utilization of oxygen by the
meat; and the oxygen absorption capacity and rate of the oxygen scavenger used (Limbo et al.,
2013). Even though oxygen scavengers are characterized by absorption capacity and rate, the
information available is limited. Normally, the absorption capacity is given by the manufacture.
However, its rate is not easily found in the literature and it can significantly change among
individual oxygen scavengers e.g. 20% variation (Charles et al., 2006).
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Effect on headspace gas concentration
As stated before, oxygen scavengers are meant to quickly reduce oxygen concentrations
in low oxygen atmospheres and maintain those low concentrations close to anaerobic conditions
throughout storage and distribution. Since it is imperative to reduce residual oxygen
concentrations to a minimum in a short period of time, absorption kinetics of oxygen scavengers
have been studied (Charles et al., 2006; Gill & McGinnis, 1995b; Miltz & Perry, 2005; Tewari,
Jayas, Jeremiah, & Holley, 2002). Results from these studies have shown that oxygen absorption
follows first order reaction kinetics. In addition, oxygen concentration has been shown to
influence the rate of absorption. In low oxygen atmospheres, the rate decreases significantly. At
the same time, storage temperature can affect absorption rates, with the rate increasing as
temperature increases. Most importantly, the variability in absorption capacity and rates of
individual oxygen scavengers of the same type needs to be taken into account. Tewari, Jayas, et
al. (2002) recommend that packaging systems use more than one oxygen scavenger to balance
this inherent variability and be able to have consistent outcomes.
According to Charles et al. (2006) and Miltz and Perry (2005), iron-based oxygen
scavengers were found to absorb carbon dioxide at the same time as they absorb oxygen. This
non-targeting absorption was explained as a carbonatation reaction with iron hydroxide i.e. a
product of the oxidation reactions in oxygen scavengers (Charles et al., 2006).

Effect on meat color
Oxygen scavengers are beneficial since they can lower oxygen concentrations in the
package to levels that will maintain meat quality and expected shelf life (Miltz & Perry, 2005). A
rapid reduction of residual oxygen is important to preserve metmyoglobin reducing activity in
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meat tissues and maintain an acceptable retail display (Tewari, Jeremiah, et al., 2002). If this
system is exhausted, then metmyoglobin will remain and accumulate in the meat once it is formed
(Gill, 1996). The same author also refers to the ability of oxygen scavengers to be used to avoid
transient discoloration. However, he emphasizes the necessity of a high oxygen uptake capacity
to accomplish very high absorption rates and reduce residual oxygen to below 10ppm in 1 hour.
Limbo et al. (2013) reported that beef steaks that were master packed in anoxic
atmospheres without the use of oxygen scavengers had irreversible discoloration on the surface of
the product as a result of metmyoglobin formation. However, packages with oxygen scavengers
maintained desirable meat color over the 21 days storage period and color attributes were
maintained for up to 48 hours in retail display. Similar results were found by Buys (2004), who
showed that pork chops packaged in master bags with 100% CO2 and oxygen scavengers were
acceptable to consumers for 14 days of storage and 4 days of retail display. Similarly, Isdell et al.
(1999) studied color changes in beef steaks from different muscles master packed in a headspace
gas of 50% CO2/ 50% N2 with and without oxygen scavengers. They found that a bright red meat
color (after meat was allowed to bloom) was obtained for up to 6 weeks of storage only in master
packs with oxygen scavengers. Beggan et al. (2005) and Beggan, Allen, and Butler (2006) also
concluded that oxygen scavengers when used in low-oxygen master packs are needed to avoid
discoloration of meat.

Conclusion
Meat packaging is a complex system in which several factors interact to achieve higher
meat quality with an extended shelf life. Various studies have been conducted looking at master
packs as an effective and economical centralized meat packaging system. Among the different
headspace gas atmospheres, low-oxygen or oxygen-depleted master packs are preferred due to the

28
lipid, color, and protein oxidation occurring in high oxygen packages. To maintain these low
oxygen levels, the use of oxygen scavengers is essential. In addition, the increased color
stabilization achieved by the addition of low concentrations of carbon monoxide to the initial
package gas mixture should be considered. Most investigations involving master pack systems for
meat products set the initial conditions without considering how those conditions change during
storage. However, the dynamic nature of this package system leads to changes in product and
package attributes during storage and display. For this reason, the present work will focus on
changes in meat product and headspace gas characteristics in ground beef master packs using
carbon dioxide, carbon monoxide, and oxygen scavengers to maintain quality and shelf life.
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Chapter 3
Comparison of meat and package characteristics of high and low oxygen
master packed ground beef

Abstract
This study investigates the effect of two common master pack atmospheres, 80% O2/
20% CO2 and 80% N2/ 20% CO2, on package and ground beef characteristics. Master packs were
stored for 0, 7, and 14 days at 0.5°C and overwrapped packages were subsequently displayed
under fluorescent lighting for up to 4 days at 4°C. Headspace gas did not affect film deflation
(p>0.05). However, film deflation increased as storage time increased (p<0.05). Changes in film
deflation are mainly a result of carbon dioxide concentration decrease in master packs. In the case
of color stability, a* values and percent oxymyoglobin decreased as storage time and display time
increased (p<0.05). High oxygen packages had slightly better color stability during storage
compared to the low-oxygen master packs (p<0.05). However, these differences were not
maintained during display (p>0.05). Results that suggest a lack of bloom time and reducing
conditions in low oxygen master packs are presented. Thiobarbituric acid reactive substances
significantly increased in packages with high oxygen (p<0.05), showing that these conditions
promote lipid oxidation. The low color stability and high lipid oxidation present in high oxygen
master packs increases the interest of using a low oxygen atmosphere. However, to maintain an
acceptable color, an anoxic atmosphere must be reached.

Introduction
Since color is the main driving force for consumers’ meat purchase decision (Grebitus et
al., 2013), efforts are made to guarantee a red color throughout fresh meat storage and display.
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Given the increased popularity of centralized meat package systems, master packs are being
increasingly studied. Master packs consist of meat packaged in individual high-gas permeable
retail trays that are multipacked in an impermeable master bag which contains a combination of
gases to maintain the product stability during storage and distribution. At the point of sale, the
Master Pack is opened and the retail trays are displayed. Meat discoloration occurring during
anoxic master pack storage is restored after meat is allowed to bloom prior to display. After
blooming in air, meat on display should present a typical cherry-red color caused by the presence
of oxymyoglobin (Jeyamkondan et al., 2000; Kennedy et al., 2005; Limbo et al., 2013).
In the meat industry, two types of master packs are used, high and low oxygen (Husband,
1995). Commonly, the same type of gases, CO2, O2, and N2, are used in the master pack
headspace gas mixture; however, their concentration varies. Nitrogen is an inert gas used as a
replacement of more active gases. Oxygen is used in some package atmospheres to enhance the
red color at the meat surface since it binds to myoglobin to form oxymyoglobin (Jeyamkondan et
al., 2000; McMillin, 2008; Zhao et al., 1994). Carbon dioxide is applied in the headspace of
packages to suppress microbial growth, prolonging the shelf life of fresh meat (Wilkinson et al.,
2006).
The purpose of a high oxygen master pack is to encourage myoglobin oxygenation,
resulting in fresh meat with high percentage of oxymyoglobin. However, high oxygen
concentrations can also promote oxidative reactions (Mancini & Hunt, 2005). Therefore, meat
quality characteristic can be compromised by increasing lipid, myoglobin, and protein oxidation
(Aksu & Alp, 2012; Kim et al., 2010; Lund et al., 2007; McMillin, 2008; Zakrys-Waliwander et
al., 2012). These drawbacks associated with high-oxygen packaging have increased the interest in
using gas mixtures with negligible amounts of oxygen and high concentrations of carbon dioxide
and nitrogen. Still, the reduced oxidation in low oxygen atmospheres comes with the challenges
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of reaching and maintaining the minimal levels of oxygen required in the headspace gas to avoid
meat discoloration.
To better understand the difference between high and low oxygen master packs, this
study aims to evaluate the effects of headspace gas, storage time and display time on package and
ground beef characteristics. Since master packs involve storage in a modified atmosphere and
subsequent exposure of the primary meat overwrap to air, it is important to evaluate the whole
distribution/retail storage process in order to help processors make a more informed decision at
the time of choosing master packs. In addition, knowledge of changes in headspace gases and
package condition during storage can be valuable for the meat industry and have not been well
documented.

Material and Methods

Packaging of meat
Ground beef, of approximately 18% fat, was obtained from the Pennsylvania State
University Meats Lab. Percent fat was determined by the modified Babcock method (Sebranek,
Beermann, & Axe, 1989). Meat was portioned into 150g ± 1g, placed on polystyrene trays (Bunzl
Kock Supplies, N. Kansas City, MO) and overwrapped with a PVC oxygen permeable stretch
film PMS 15 (Prime Source, St. Louis, MO) (OTR 16639 cc/m2/24h at 23°C). Each of these
overwrap packages was master packed in a rigid high-barrier multilayer PP/PB with EVOH tray
(OTR 0.1cc to 1cc/tray/24h at 23°C and 0% RH) (Coextruded Plastic Technologies, Inc.,
Edgerton, WI) filled with a gas mixture of 80% O2/ 20% CO2 (O2/ CO2) or 80% N2/20% CO2 (N2/
CO2) and lidded with a 2.4 mil high barrier film HB-60 (OTR 3.1 cc/m2/24h at 23°C and 0% RH)
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(Ultravac Solutions LLC, Kansas City, MO) using a Rhino 4 tray sealer (UltraSource LLC,
Kansas City, MO). Samples were packaged in duplicate for each treatment.

Experimental Plan
This study investigates the effect of high and low oxygen master packing, storage time
and display time on master pack characteristics and ground beef quality attributes. Master packs
were stored in the dark at 0.5 ± 0.5°C for 0, 7, and 14 days. At the end of each storage time,
headspace gas concentrations in the master pack (Pac Check 333, Mocon Inc., Minneapolis, MN)
and film deflation were measured. The overwrap package was removed from the master pack and
ground beef color was measured after 30 minutes of bloom time in the dark at 0.5°C.
Overwrapped packages were displayed in an open top, illuminated retail display case at 4 ± 1°C
and kept under fluorescent lighting 12h/day F40SP35-ECO (3500 K, 40W) (Lux 890-950)
(General Electric, East Cleveland, OH) for 0, 2, or 4 days. Storage and display temperatures were
chosen based on commonly used settings across studies with master packs. Table 3-1 shows the
treatment combinations included in the study.
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Table 3-1. Experimental factors and levels used in the study.
Gas Mixture

Storage time
(days)

Display time
(days)

80% O2 + 20% CO2

0

0
2
4
0
2
4
0
2
4
0
2
4
0
2
4
0
2
4

7

14

80% N2 + 20% CO2

0

7

14

Film Deflation
Film deflation in master packed products represents a decrease in gas volume in the
package. For rigid trays used in this research, film deflation is observed as the lidding film
changes from flat to concave. Data for film deflation were collected for each master pack as
described in Rotabakk et al. (2006). Film deflation was measured using a straight edge and a
caliper. The top of the trays were considered as the reference plane from which the distance to the
film was obtained. Measurements were taken in duplicate at the center of the tray.
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Gas Concentration
Headspace gas concentration (O2, CO2, and CO) of master packs at the end of their
selected storage time was analyzed using a gas analyzer Pac Check Model 333 (Mocon, Inc.,
Minneapolis, MN). A foam rubber septum was applied over the cover film of the master pack to
avoid headspace gas leakage. A syringe was inserted through the septum into the package
headspace gas where an aliquot was collected and analyzed.

Color
Color, reported as CIE L*a*b* values, was evaluated on each overwrap package using a
reflected color measurement spectrophotometer (MiniScan EZ, HunterLab, Reston, Virginia,
USA) with an 8mm view area, 2° observer, and illuminant A. The spectrophotometer was
standardized using a white ceramic tile covered by the same PVC overwrap film used in the
overwrap package. Measurements were taken in three different locations on each package of
ground beef, immediately after opening O2/ CO2 master packs, and 30 minutes after opening N2/
CO2 master packs to allow meat to bloom in meat that was not displayed. For ground beef
displayed 2 or 4 days, color measurements were taken directly after their corresponding display
time.

Myoglobin Forms
Percentages of oxymyoglobin, deoxymyoglobin, and metmyoglobin were obtained
according to the AMSA guidelines (AMSA, 2012). Reflectance data of 400 to 700nm was
converted to K/S values (S is the scattering coefficient and K the absorbance coefficient) and
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absorbance ratios at different wavelengths were used for the calculations. In cases where negative
percentages were obtained, those were converted to zero; similarly, values over 100 were
converted to 100 (Mancini, Hunt, & Kropf, 2003). Proportions of the three myoglobin forms were
transformed to sum 100. Reflectance data were obtained at the same time as color data with a
color measurement spectrophotometer MiniScan EZ (HunterLab, Reston, Virginia, USA) with an
8mm view area, 2° observer, and illuminant A. Three readings were taken at different locations
on each package of ground beef. To obtain the pure form of oxymyoglobin, ground beef was
packaged in high oxygen atmosphere, 80% O2/20% CO2, and kept for 2 hours before taking the
reading. The reference values for the other two forms of myoglobin were obtained as indicated in
the AMSA guidelines (AMSA, 1991).

pH
After homogenizing the sample by mixing it in a commercial food processor, pH was
measured directly in two different locations in the ground beef using a penetration probe (Testo
206-pH2, Testo, Victoria, Australia). Measurements were taken in duplicate.

Lipid Oxidation (TBARS)
The thiobarbituric acid (TBA) analysis was performed as described in Tarladgis, Watts,
Younathan, and Dugan (1960) with minor modifications. Ten grams of an homogenized sample
with 2.5ml of 4N HCl, a small amount of antifoam, 5ml of an antioxidant solution of 0.5% propyl
gallate and 0.5% EDTA as described in Rhee (1978), and 92.5ml of distilled water were distilled
until a 50ml distillate was collected. Following the distillation process, glass tubes with 5ml of
distillate and 5ml of TBA reagent were kept in a water bath at approximately 94°C for 35
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minutes. Samples were cooled in cold tap water for 10 minutes. After that, absorbance was
measured at 532nm in a spectrophotometer. A standard curve with malonaldehyde bis (TEP) was
prepared and the percent recovery was also calculated (58.82) to obtain a constant (12.25) that
was used to report the readings as mg of malonaldehyde per kg of ground beef.

Statistical Analysis
All statistical analyses were conducted using Minitab® 16.2.4 software (Minitab, Inc.,
State College, Pennsylvania, USA). Gas concentrations and film deflation were analyzed using a
two-way ANOVA to assess the effect of storage time, gas mixture, and their interactions. For the
effect of display time, storage time, gas mixture, and their interactions on the ground beef quality
indexes, a multi-way ANOVA was applied using General Lineal Model (GLM). Effects were
considered significant at p<0.05. For color, the combination of headspace gas and storage time
was analyzed as one treatment called gas-storage time. When ANOVA indicated significant
differences among treatment means Tukey Means Separation Test was used to discern the
significant differences (p<0.05). A total of 36 samples were used.

Results and Discussion

Film Deflation
The ANOVA results show that storage time and the interaction between storage time and
headspace gas have a significant effect on master pack film deflation (p=0.000; p=0.029,
respectively). On the other hand, the headspace gas did not have a significant effect (p=0.928). As
expected, as the storage time increases film deflation increases regardless of the headspace gas
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used (p<0.05). Nonetheless, the rate of film deflation decreases as storage time increases with
little change seen between 7 and 14 days of storage (Figure 3-1).
A marked film deflation during storage of meat with modified atmospheres has also been
seen in other studies (Al-Nehlawi et al., 2013; Rotabakk et al., 2006). However, their CO2
concentration was higher (60% and 70%, respectively) and the studies were with chicken meat
instead of beef. The headspace volume reduction, leading to package contraction, was due to the
high solubility of carbon dioxide in meat, resulting in gas absorption until it reaches equilibrium
(Gill, 1988; Jakobsen & Bertelsen, 2004; Rotabakk et al., 2007). In our study, high oxygen and
low oxygen master packs used only one carbon dioxide concentration (20%). As a result, film
deflation did not vary significantly across headspace gases.

Figure 3-1. Effect of headspace gas and storage time of master packs on film deflation.
a-c
Means without a common letter are significantly different (p<0.05). SEM is 0.0069.
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Gas Concentrations
The ANOVA results indicate that storage time, headspace gases, and their interaction
have a significant effect on oxygen and carbon dioxide concentrations (p<0.05). The Tukey
Means Separation test reveals that the oxygen concentration decreases as the storage time
increases when the master pack was filled with O2/CO2 (p<0.05). However, there were no
significant differences in oxygen concentrations during storage for master packs containing
N2/CO2 (p>0.05) (Figure 3-2). Sørheim, Nissen, and Nesbakken (1999) also showed a decrease in
oxygen concentration during storage of beef and pork packaged in their high oxygen (70% O2,
30% CO2) treatment. A small portion of the oxygen concentration decrease can be associated
with the oxygen transmission rate (OTR) of the package film. However, the major contribution to
this reduction likely comes from mitochondrial respiration of the meat. Decrease in oxygen
concentration in master packs due to muscle uptake of the gas has been reported by Limbo et al.
(2013). In the case of carbon dioxide concentration, both headspace gases showed a significant
decrease the first 7 days and then their CO2 concentration increased the second week of storage
(Figure 3-2). Buys (2004) reports a decreased in carbon dioxide in the headspace gas of pork
chops packaged in master packs with different headspace gases concentrations. However, Buys
does not report any increase in the gas concentration. The decrease in carbon dioxide
concentration is related to changes in the headspace gas concentration until it reaches equilibrium
with the meat (Simpson et al., 2009). This increase in carbon dioxide concentration could be
related to an increase in microbial growth after 7 days of storage. Nevertheless, this cannot be
demonstrated since microbial growth was not analyzed in the current experiment. Mitochondrial
respiration in meat and microbial metabolism consume oxygen in the headspace gas and produce
carbon dioxide (Simpson et al., 2009). As a result, in fresh meat, a rise in this CO2 development
after 8 to 9 days of storage could be detected (Zhao et al., 1994).
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Figure 3-2. Effect of headspace gas and storage time on oxygen and carbon dioxide concentrations.
a-e
Means within the same gas (O2 or CO2) without a common letter are significantly different
(p<0.05). SEM is 0.26 for %O2 and 0.063 for %CO2.

Color

L* value
Display time, gas-storage time and their interaction did not have a significant effect on
L* values (lightness) (Table 3-2). The mean of all treatments was 54.75 ± 0.278.
Table 3-2. Probability values (p-values) for main effects and interactions of quality assessments of
ground beef.

a

Source of Variation

L*

a*

b*

Oxya

Deoxyb

Metc

TBARS

pH

Gas-Storage time

0.345

0.000

0.001

0.000

0.004

0.000

0.000

0.004

Display time

0.074

0.000

0.000

0.000

0.001

0.000

0.000

0.000

Interaction

0.914

0.000

0.000

0.000

0.000

0.000

0.001

0.000

Oxymyoglobin
Deoxymyoglobin
c
Metmyoglobin
b
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a* value
Display time, gas-storage time, and their interaction have a significant effect on a* value
(redness) (Table 3-2). As reported in Table 3-3, a* value decreases as display time increases
(p<0.05), the same happened for storage time regardless of the headspace gas used (p<0.05).
High oxygen atmospheres are associated with lack of color stability (Grobbel et al., 2008; Kim et
al., 2010). In this study, low oxygen atmospheres also had low color stability as a result of critical
residual oxygen that increases the rate of myoglobin oxidation. The discoloration seen during the
4 days of display is related not only to contact with atmospheric oxygen, but also to light
exposure and higher temperatures (4°C instead of 0.5°C). These factors have been shown to
affect the rate of oxymyoglobin autoxidation to metmyoglobin (Andersen, Bertelsen, & Skibsted,
1989; Djenane et al., 2001).
Table 3-3. Tukey Means Separation values for CIE L*a*b*.
Source of

Level

Variation
Gas-Storage time

Display time

a-d

O2/CO2 - 0d

Mean
L*
55.23

SEMh
0.69

a*

SEM
a

22.73

0.37

b

b*
17.13

a
a

O2/CO2 - 7d

54.74

19.61

17.27

O2/CO2 -14d

55.30

14.30d

16.42a

N2/CO2 - 0d

55.56

21.24ab

16.15ab

N2/CO2 - 7d

53.83

16.52c

16.74a

N2/CO2 - 14d

53.85

14.49d

14.92b

0 days

55.72

0.49

22.24e
f

0.26

16.82e

SEM
0.31

0.22

e

2 days

54.17

19.09

17.60

4 days

54.37

13.12g

14.89f

Within gas-storage time means of the same column without a common letter are significantly
different (p<0.05).
e-g
Within display time means of the same column without a common letter are significantly
different (p<0.05).
h
Standard Error of the Mean
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As seen in Figure 3-3, when ground beef was stored with O2/CO2 for 14 days, a* value
was significantly lower at its second day of display compared to meat stored under the same gas
for 7 days or no storage at their second display day (p<0.05) and it was comparable to a* values
of meat with 4 days of display and stored for 0, 7, or 14 days (p>0.05). This shows how high
oxygen storage affects myoglobin stability. When both headspace gases were compared, 0 days
of storage resulted in no significant differences in a* values on their corresponding display times
(p>0.05) (Figure 3-3). On the other hand, 7 and 14 days of storage in N2/CO2 resulted in
significantly lower a*values in 0 days of display compared to samples with the same storage and
display time, but packaged with O2/CO2 (p<0.05). These results are expected because low oxygen
levels (Figure 3-2) promote oxidation of myoglobin, resulting in meat discoloration (Sørheim et
al., 2009). Buys, Krüger, and Nortjé (1994) showed how oxygen (80% and 25%) in master packs
resulted in better acceptability and color scores (sensory evaluations) in pork compared to low
oxygen atmospheres (100% CO2 and 75% CO2/25% N2) which extended display life only in
terms of microbial growth. Still, high oxygen master packs (80% O2 and 20% CO2) did not keep
good acceptability and color scores during display since color paled, reaching lower scores than
100% CO2 master packs. In the case of high oxygen atmosphere packaging, meat usually shows a
desirable red color initially, but undergoes a significant reduction of color stability during meat
exposure to the headspace gas (Kim et al., 2010; Sørheim et al., 1999). This relationship is shown
in Figure 3-3. At 7 and 14 days of storage in both headspace gases, similar a* values at their
corresponding 2 and 4 days of display, but different values at 0 days of display, were observed.
A significant increase in a* value at 2 days of display in meat stored for 7 days with
N2/CO2 compared with 0 days of display (p>0.05) (Figure 3-3) could indicate the lack of meat
blooming time. Even though meat stored under N2/CO2 was allowed to bloom for 30 minutes after
withdrawn from master packs, a* values did not reflect a sufficient blooming time. In contrast, at
14 days of storage, meat did not keep blooming after exposure to air, which can be seen when
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comparing day 2 and 0 of display i.e. no significant differences in a* value (p>0.05) (Figure 3-3).
However, at day 4, a* value increased, which is most likely related to reducing conditions due to
microbial growth (Seideman et al., 1984). CIE a* values were not significantly different (p>0.05)
at the fourth day of display for all storage times and headspace gases, except for meat stored for
14 days with N2/CO2, which was significantly lower (p<0.05) (Figure 3-3).

Figure 3-3. Effect of headspace gas, storage time, and display time on a* value.
a-i
Means without a common letter are significantly different (p<0.05). SEM is 0.63.

b* value
The ANOVA results for b*value (yellowness) presented in Table 3-2 confirm that
yellowness is also significantly affected by display time, gas-storage time, and their interaction.
As reported in Table 3-3, b* is significantly lower in meat stored for 14 days with N2/CO2
compared to the rest of treatments (p<0.05), except for meat stored 0 days with the same gas,
which is not significantly different (p>0.05). Still, this last treatment is not significantly different
to the other treatments. In addition, Table 3-3 shows that 4 days of display had significantly lower
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b* value than 2 or 0 days of display (p<0.05). As seen in Figure 3-4, there is no significant
difference in b* value among different storage times of meat packaged with O2/CO2, comparing
their corresponding display time (p>0.05). As with O2/CO2, meat packaged with N2/CO2 in all
levels of storage time does not significantly differ in its b* value among corresponding display
times (p>0.05), except for the second day of display of the 7 day stored meat, which is
significantly higher than b* values for 2 days of display for N2/CO2 (p<0.05) (Figure 3-4).

Figure 3-4. Effect of headspace gas, storage time, and display time on b* value.
a-f
Means without a common letter are significantly different (p<0.05). SEM is 0.54.

Myoglobin Forms

Oxymyoglobin
The ANOVA results for oxymyoglobin presented in Table 3-2 show that gas-storage
time, display time, and their interaction have a significant effect. As shown in Table 3-4,
increasing storage time is associated with a decrease in oxymyoglobin (p<0.05). For O2/CO2,
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oxymyoglobin is significantly different among storage times (p<0.05). In the case of meat stored
with N2/CO2, a storage time of 7 and 14 days have significantly lower percent oxymyoglobin than
0 days of storage (p<0.05), but these two are not significantly different from each other (p>0.05).
Having ground beef stored for 7 days and 14 days with N2/CO2 is comparable to meat stored for
14 days with O2/CO2 (p>0.05) as reported in Table 3-4. As anticipated, initial observations (0
days) show no significant difference between the gases. Comparing these results to those obtained
by Limbo et al. (2013), samples of beef muscle with no storage time and displayed for 4 days
have higher oxymyoglobin (0 days: 83.6%, 2 days: 74.0%, 4 days: 69.7%) than ground beef with
no storage time in our study (0 days: 92.85%, 2 days: 73.24%, 4 days: 24.29%; averages obtained
from data on Figure 3-5). These differences can most likely be related to difference in meat type.
Ground meat, used in the current study, is more prone than whole muscle to oxidation and
microbial growth, which can increase meat discoloration. Table 3-4 also shows that as display
time increases, the oxymyoglobin concentration decreases (p<0.05). The same trend was found
by Buys (2004) who showed that pork stored with 80% oxygen and 20% carbon dioxide
decreased its oxymyoglobin levels during 4 days of display. However, oxymyoglobin did not
decrease across storage time, except for 21 days of storage where oxymyoglobin was significantly
lower, in contrast to the results obtained in this study. This difference could be related to meat
type used in the studies since ground beef is more prone to oxidation due to increase surface area
exposed to the headspace gas.
Equivalent to the results obtained in a* value, percent oxymyoglobin for N2/CO2 shows
the effects of critical residual oxygen in the headspace since meat stored under these conditions
for 7 and 14 days have a significantly lower percent oxymyoglobin than ground meat stored with
O2/CO2 for 7 and 14 days with 0 days of display (p<0.05) (Figure 3-5). The rest of the treatments
are not significantly different when compared to the corresponding storage and display times for
both headspace gases (p>0.05) (Figure 3-5). The lack of oxymyoglobin stability in meat that has
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been stored with O2/CO2 resulting in formation of metmyoglobin can be caused by oxidation in a
rich oxygen environment (Sørheim et al., 1999). In addition, its conversion rate to metmyoglobin
can be enhanced by secondary lipid oxidation products, as explained by Faustman, Liebler,
McClure, and Sun (1999), Lynch and Faustman (2000), Alderton, Faustman, Liebler, and Hill
(2003), Suman, Faustman, Stamer, and Liebler (2007), Faustman, Sun, Mancini, and Suman
(2010), and Yin et al. (2011).
In the case of ground meat that was stored with N2/CO2, lipid oxidation is limited as
reported later in Figure 3-8. However, its low oxygen concentration promotes the formation of
metmyoglobin (Mancini & Hunt, 2005) resulting in mostly no differences in oxymyoglobin
between these two headspace gases during display. These results emphasize the necessity of
having a mechanism to assure an anoxic environment (<0.05% O2 for beef (Mancini & Hunt,
2005); <0.01% residual O2 for ground beef (Sørheim et al., 2009)). Otherwise, meat stored in non
ultra-low oxygen conditions can exhibit poor blooming and metmyoglobin formation, especially
at elevated storage temperature (Gill & McGinnis, 1995a; Mancini & Hunt, 2005; Wilkinson et
al., 2006). Gill and Jones (1994a, 1994b) showed that beef steaks and ground beef packaged with
a low oxygen atmosphere (less than 500 ppm of O2 and less than 200 ppm of O2, respectively)
had relatively high metmyoglobin the first 4 days of storage, referred to as “transient
discoloration”. However, after that time, reducing conditions lead to a conversion to
deoxymyoglobin. Unlike metmyoglobin, the deoxymyoglobin exhibited a typical bloom to
oxymyoglobin when subsequently exposed to air. It is common that equipment used in ultra-low
oxygen modified atmosphere packaging cannot achieve anoxic conditions, leaving residual
oxygen that can be critical in terms of metmyoglobin formation since meat has only an
established amount of metmyoglobin reducing activity (MRA) to reduce metmyoglobin to
deoxymyoglobin and an excess of metmyoglobin formation will restrict future meat blooming
(Jeyamkondan et al., 2000).
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One way to achieve ultra-low oxygen concentrations is to insert oxygen scavengers in the
package (Tewari, Jeremiah, et al., 2002). Buys (2004) reported metmyoglobin formation at the
meat surface due to residual oxygen concentrations of 0.5 to 0.85% in their 100% CO2 + oxygen
scavenger treatment. In this case, one oxygen scavenger was not sufficient to maintain an
adequate ultra-low oxygen concentration. Similar results were found by Sørheim et al. (1999)
who reported discoloration similar to high oxygen packaging of pork chops packaged with high
CO2 (60% CO2, 40% N2) and one oxygen absorber. They emphasized the necessity of removing
oxygen from the package as effectively and quickly as possible. Limbo et al. (2013) found
irreversible discoloration of beef steaks master packaged with 30% CO2 and 70% N2 within a
week of storage. On the other hand, packages that had oxygen scavengers preserved meat color in
a reduced state i.e. deoxymyoglobin allowing meat to bloom after removal of the anoxic
atmosphere and even showing higher oxymyoglobin concentrations than meat that had never been
stored.
Table 3-4. Tukey Means Separation values for each myoglobin form.
Mean
Source of Variation

Level

Gas-Storage time

Display time

a-c

g

%Oxy

SEM

%Deoxy

SEM

%Met

SEM

O2/CO2 – 0d

65.74a

1.60

3.79b

1.96

30.47c

O2/CO2 – 7d

45.90

b

1.81

6.07

48.03

O2/CO2 – 14d

31.56c

3.78b

64.66a

N2/CO2 – 0d

61.18a

6.10b

32.72c

N2/CO2 – 7d

33.57c

6.33b

60.10a

N2/CO2 – 14d

26.60c

15.71a

57.68a

0 days

64.42d

2 days

46.69

e

4 days

21.16f

b

1.13

4.59e
4.36

e

11.94d

1.38

b

30.99f
e

48.95

66.90d

Within gas-storage time means of the same column without the same letter are significantly
different (Tukey test, p<0.05).
d-f
Within display time means of the same column without the same letter are significantly
different (Tukey test, p<0.05).
g
Standard Error of the Mean

1.28
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Figure 3-5. Effect of headspace gas, storage time, and display time on oxymyoglobin.
a-i
Means without a common letter are significantly different (p<0.05). SEM is 2.77.

Deoxymyoglobin
Display time, gas-storage time, and their interaction have a significant effect on
deoxymyoglobin (Table 3-2). Figure 3-6 shows that packages stored for 14 days with N2/CO2 and
after 4 days of display time had significantly higher percent deoxymyoglobin than the other
treatments. The other levels of gas-storage time are not significantly different among them,
having low deoxymyoglobin values. Low deoxymyoglobin concentrations were also reported by
Limbo et al. (2013) in meat packaged with low oxygen atmospheres without use of oxygen
absorbers. As explained before, the increase in deoxymyoglobin could be caused by bacterial
growth during storage and display time (commonly seen in ground beef) which can contribute to
reducing conditions resulting in deoxymyoglobin formation from metmyoglobin (Seideman et al.,
1984). Buys (2004) reported that meat after 21 days of storage with 80% oxygen and 20% carbon
dioxide and over 4 days of display, had a deoxymyoglobin increase as a result of microbial
growth. As indicated in Mancini and Hunt (2005), reduction of metmyoglobin to
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deoxymyoglobin occurs when there is sufficient oxygen consumption to reduce oxygen tension to
low levels paired with the muscle’s reducing activity.

Figure 3-6. Effect of headspace gas, storage time, and display time on deoxymyoglobin.
a-b
Means without a common letter are significantly different (p<0.05). SEM is 3.39.

Metmyoglobin
As with the other two myoglobin forms, gas-storage time, display time, and their
interaction have a significant effect (Table 3-2). As shown in Table 3-4, there is a significant
increase in percent metmyoglobin as storage time increases for ground meat stored with O2/CO2.
On the other hand, meat packaged with N2/CO2 shows an increase in this myoglobin form from
day 0 to 7 days of storage, but there is no significant difference in metmyoglobin between 7 and
14 days of storage. Comparing 7 days of storage in both gases, using O2/CO2 resulted in lower
metmyoglobin than using N2/CO (Table 3-4). High oxygen atmospheres reduces the rate of
metmyoglobin formation compared to low oxygen atmospheres, but anoxic atmospheres can
inhibit its formation to a great extend (Gill, 1996). Limbo et al. (2013) reported that beef master
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packed with a low oxygen atmosphere (30% CO2 and 70% N2) without oxygen scavengers
showed an increase in metmyoglobin to 75% during 7 days of storage. The current data is
similarly high with 60.67% metmyoglobin (Figure 3-7) obtained at 7 days of storage with
N2/CO2.
In addition, as display time increases, percent metmyoglobin also increases (Table 3-4).
This finding was also reported by Buys (2004). As seen in Figure 3-7, meat stored with O2/CO2
for 0 and 7 days follows the described tendency of increased metmyoglobin as display time
increases. However, after 14 days of storage with the same gas, metmyoglobin increases from day
0 to 2 of display and remains unchanged from day 2 to 4 of display. In the case of N2/CO2, 0 days
of storage had considerably lower metmyoglobin formation in day 0 and 2 of display compared to
day 4. However, day 7 and 14 of storage with that headspace gas, started with high percent
metmyoglobin from day 0 of display and only in the case of 14 days of storage, this percent was
reduced at 4 days of display (Figure 3-7).

Figure 3-7. Effect of headspace gas, storage time, and display time on metmyoglobin.
a-h
Means without a common letter are significantly different (p<0.05). SEM is 3.14.
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Lipid oxidation
The ANOVA results reported in Table 3-2 show that gas-storage time, display time, and
their interaction have a significant effect on TBA values. Table 3-5 reports the Tukey means
separation test for each factor. In the case of O2/CO2, as the storage time increases, TBA values
significantly increase. This finding reflects a disadvantage of having a high oxygen atmosphere in
the master pack since it promotes lipid oxidation (Jayasingh et al., 2002; Kim et al., 2010). On the
other hand, packages with N2/CO2 reported significantly lower TBA values compared to packages
stored for 7 or more days with O2/CO2. As expected, as the display time increases, TBA value
also increases significantly (Figure 3-8). It is important to notice packaging with N2/CO2 resulted
in lower lipid oxidation numbers compared to using O2/CO2, which is an indicator that high
oxygen concentrations stimulates lipid oxidation. Resconi et al. (2012) showed that a high oxygen
atmosphere packaging resulted in higher TBA values when compared to vacuum packaging and
that increasing display time also contributed to significantly higher lipid oxidation.
As show in Figure 3-8, only in packages with 0 days of storage time, TBA value is
significantly different during display time. These results would indicate that there was not enough
lipid oxidation during display in packages that had longer storage times or that other lipid
oxidation products could have also been present that were not measured by TBARS, since it
primarily accounts for malondialdehyde content. Nevertheless, various other TBA reactive
substances related and non-related to lipid oxidation can also interfere in the measurement. In
addition, malondialdehyde itself is not stable and degrades to products that are not measured by
the TBA test. Still, TBA values have been found to correlate well with sensory evaluation of the
meat products (Fernández, Pérez-Álvarez, & Fernández-López, 1997; Gray & Monahan, 1992).
For packages stored with N2/CO2, having 7 or more days of storage had a comparable low lipid
oxidation (TBARS) as in ground meat displayed for 2 days without storage time. This finding
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differs from the high lipid oxidation observed in the O2/CO2 packages after 7 and 14 days of
storage (Figure 3-8). This observation underlines the advantage of having a low oxygen
atmosphere in meat packaging to minimize lipid oxidation (Limbo et al., 2013). It is important to
mention that all TBA values obtained in the study were below the sensory threshold value of
approximately 2 mg malondialdehyde/Kg of meat (Limbo et al., 2013). At this malondialdehyde
concentration, most panelists would not detect oxidized flavor.

Table 3-5. Tukey Means Separation for TBA values.
Factor

Level

Mean

SEMh

Gas-Storage time

O2/CO2 t0

0.8317d

0.030

O2/CO2 t7

1.4818b

O2/CO2 t14

1.7926a

N2/CO2 t0

0.8600cd

N2/CO2 t7

0.9690c

N2/CO2 t14

0.8963cd

0 days

1.0417g

2 days

1.1446f

4 days

1.2294e

Display time

a-d

0.021

Means within gas-storage time without a common letter are significantly different (p<0.05).
Means within display time without a common letter are significantly different (p<0.05).
h
Standard Error of the Mean
e-g
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Figure 3-8. Effect of headspace gas, storage time, and display time on TBA values.
a-h
Means without a common letter are significantly different (p<0.05). SEM is 0.053.

pH
Gas-storage time, display time, and their interaction have a significant effect on the pH of
ground beef (Table 3-2). Table 3-6 shows that there is no significant difference between the pH of
ground meat packaged under either gas with 0 and 7 days of storage. After 14 days of storage on
both headspace gases, meat displayed for 4 days has significantly higher pH compared to the rest.
This rise in pH can be related to proliferation of microorganisms under those two conditions.
Limbo et al. (2013) showed a decrease in pH from 5.75 to 5.50 during storage in their beef
packaged with 70% N2 and 30% CO2 with oxygen scavengers as a result of high lactic acid
bacteria present in the meat microbial population due to the package’s anoxic environment. In our
study, anoxic conditions were never reached, which can greatly influence the microbial
population present. Kim et al. (2010) reported an increased in pH of beef steaks during 9 days of
display in high oxygen modified atmosphere packaging and also in vacuum packaging. In our
study, prolonged storage time and 4 days of display time resulted in an increased pH.
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Table 3-6. Mean pH for different storage times, display times, and headspace gases.
Headspace Gase
O2/CO2

Storage Timef

Display Timeg

(days)

(days)

0

7

14

N2/CO2

0

7

14

N

Meanh

0

2

5.70bc

2

2

5.64cd

4

2

5.70bc

0

2

5.65bcd

2

2

5.61cd

4

2

5.67bcd

0

2

5.53d

2

2

5.57cd

4

2

5.79ab

0

2

5.72bc

2

2

5.69bc

4

2

5.69bc

0

2

5.68bc

2

2

5.58cd

4

2

5.68bc

0

2

5.63cd

2

2

5.66bcd

4

2

5.87a

a-d

Means of the same column without a common letter are significantly different (p<0.05)
Combination of gases used in the master packs during storage.
f
Master packs stored in the dark at 0.5 ± 0.5°C.
g
Oxygen permeable packages were placed in an open display cabinet at 4 ± 1°C under
fluorescent lighting for 12h/day.
h
SEM is 0.026.
e

Conclusions
This study was effective in finding significant differences between high and low oxygen
master packs, not only on ground beef but also on the package itself. The study showed how film
deflation and carbon dioxide changes are related. Film deflation increased over storage time,
independent of the headspace gas, as a result of carbon dioxide solubility in meat. High oxygen
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master packs presented oxidative conditions. Even though color stability during storage was
better maintained in an 80% oxygen environment, this advantage was not seen through out
display time. At the same time, lipid oxidation was shown to be increased in high oxygen
conditions, whereas TBA values did not change in meat during low oxygen storage. The lack of
color stability presented in low oxygen master packs can be attributed to the presence of residual
oxygen in the packages. When anoxic conditions are not reached, metmyoglobin formation
increases and is maintained as seen in this study. Despite the lack of microbiological analyses in
this study, meat master packed for 14 days and displayed for 4 days presented signs of increased
microbial growth as carbon dioxide, deoxymyoglobin, and pH increased at that time. In addition,
results emphasize the importance of bloom time in low oxygen atmospheres.
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Chapter 4
Oxygen scavengers’ contribute to color and gas concentration changes of
master packed ground beef

Abstract
This study investigates the effects of oxygen scavengers on master packed ground beef
color and package characteristics across several storage time intervals. Two experiments were
performed in samples stored at 0.5°C for up to 14 days in 20% CO2/80% N2. At 2 days, master
packed ground beef reached a* values and oxymyoglobin concentrations comparable to fresh
meat and red meat color was maintained for the entire storage time. Aside from decreasing
oxygen concentration, oxygen scavengers greatly reduced headspace carbon dioxide
concentrations during storage. After 14 days of storage, oxygen scavenger absorption accounted
for 67.4% of the total carbon dioxide lost, while meat absorption represented 27%, and package
permeability 5.6%. In addition, the presence of an oxygen scavenger contributed to production of
carbon monoxide. Oxygen scavengers proved to be beneficial for maintaining desirable fresh
meat color. Nevertheless, their effect on carbon dioxide and carbon monoxide concentrations
must be considered as well.

Introduction

Consumer demand for attractive fresh meat in a conventional package has driven the
need of finding ways to increase shelf life of a retail ready package. As a result, master packs
have been used to maintain quality and increase shelf life of fresh meat through distribution and
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retail display (Tewari et al., 1999). Master packs consist of oxygen permeable overwrapped retailready meat packages that are kept in an impermeable master package with an ultra-low oxygen
modified atmosphere throughout distribution. For retail display, the impermeable master package
is opened and the meat in the overwrap packages is exposed to air and allowed to bloom (form
oxymyoglobin). One of the main advantages of this packaging system is greatly increased shelf
life compared to conventional packaging (Kennedy et al., 2005).
The goal of having an oxygen-depleted atmosphere is to avoid permanent metmyoglobin
formation. Therefore, if oxygen concentration is not maintained below 0.1% (O’Keeffe & Hood,
1980; Sørheim et al., 2009) to 0.05% (Mancini & Hunt, 2005) for beef, metmyoglobin formation
rate increases (Seideman et al., 1984). When oxygen is lower than this critical concentration,
myoglobin undergoes a transient discoloration from oxymyoglobin (red pigment) to
metmyoglobin (brown pigment) and is then converted to deoxymyoglobin (purple pigment).
When meat with deoxymyoglobin is exposed to air, it will bloom with the formation of
oxymyoglobin, producing the bright red color that consumers associate with fresh meat. The
amount of time needed for these color changes is crucial to avoid displaying meat before the
transient metmyoglobin discoloration is resolved (Gill & Jones, 1994a, 1994b).
Additionally, maintaining low oxygen concentrations in the meat package will reduce
both lipid and protein oxidation (Kim et al., 2010). Ultra-low oxygen concentration in the master
package is commonly achieved through the use of oxygen scavengers (Gill & McGinnis, 1995b;
Jeyamkondan et al., 2000; Limbo et al., 2013; Tewari, Jeremiah, et al., 2002; Venturini et al.,
2006).
Master packs’ ability to maintain meat shelf life depends on the gas concentration of its
atmosphere. Therefore, it is important to understand how the master packs’ components and their
interactions affect changes in headspace gas composition throughout meat storage. The following
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studies evaluate the effects of storage time and presence of oxygen scavenger in ultra-low oxygen
master packs on headspace gas concentrations and meat color traits.

Materials and Methods

Packaging
Freshly ground beef, of approximately 18% fat, was obtained from the Pennsylvania
State University Meats Lab. Percent fat was determined by the modified Babcock method
(Sebranek et al., 1989). Meat was portioned into 150g ± 1g, placed on polystyrene trays (Bunzl
Kock Supplies, N. Kansas City, MO) and overwrapped with a PVC oxygen permeable stretch
film (PMS 15, Prime Source, St. Louis, MO) (OTR 16639 cc/m2/24h at 23°C). Each of these
overwrap packages was master packed in a rigid high barrier multilayer PP/PB with EVOH tray
(OTR 0.1cc to 1cc/tray/24h at 23°C and 0% RH) (Coextruded Plastic Technologies, Inc.,
Edgerton, WI) filled with a gas mixture of 80% N2/20% CO2 and lidded with a 2.4 mil high
barrier film HB-60 (OTR 3.1 cc/m2/24h at 23°C and 0% RH) (Ultravac Solutions LLC, Kansas
City, MO) using a Rhino 4 tray sealer (UltraSource LLC, Kansas City, MO). Designated master
packs included one Ageless® SR-BC oxygen scavenger packet (Mitsubishi Gas Chemical
America, Inc., New York, NY). Samples were packaged in duplicate for each treatment.

Experimental Plan
Two experiments were performed to show the effect of oxygen scavengers and storage
time during the first two weeks of storage. Details of the studies are shown in Table 4-1. Master
packs were stored in the dark at 0.5 ± 0.5°C during their storage time. At the end of each storage
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time, headspace gas concentrations in the master pack (Pac Check 333, Mocon, Inc.,
Minneapolis, MN) and film deflation were measured. The overwrap package was removed from
the master pack and ground beef color was measured immediately and after 1 hour of bloom time
in the dark at 0.5°C.
Table 4-1. Description of the studies performed and their specific packaging and storage conditions.
Study
1

Storage Time
(days)
0, 0.4, 1, 1.4, 2, 2.4, 3,
3.4, 4, 5, 6, 7, and 8

Ground
Beef

Oxygen
Scavenger

Yes

Ageless®

a

Yes
Ageless®
No
No
a
All master packs with ground beef had one Ageless® oxygen scavenger packet.
2

0, 1, 2, 3, 4, 7, and 14

Film Deflation
Film deflation in master packed products represents a decrease in gas volume in the
package. For rigid trays used in this research, film deflation is observed as the lidding film
changes from flat to concave. Data for film deflation were collected for each master pack as
described in Rotabakk et al. (2006). Film deflation was measured using a straight edge and a
caliper. The top of the tray was considered as the reference plane from which the distance to the
film was obtained. Measurements were taken in triplicate at the center of the tray.

Dissolved carbon dioxide in meat
Carbon dioxide dissolved in meat was calculated in study 2 following the procedure of
Al-Nehlawi et al. (2013), using gas concentrations measured as described below and volume of
the headspace gas in the master pack. To calculate the latter, film deflation of the master pack and
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volume of overwrapped ground beef as well as the entire master pack tray were used to calculate
volume differences. Initial volumes were obtained through water volume displacement.

Volume of carbon dioxide lost/absorbed
Volume of carbon dioxide lost and absorbed was calculated based on volume differences
between day 0 and the day of storage using film deflation of the master pack, carbon dioxide
concentrations, master pack volume, and overwrapped ground beef volume. In study 1, total
carbon dioxide lost/absorbed was calculated. In study 2, each component’s contribution to carbon
dioxide lost/absorbed was reported. To obtain carbon dioxide lost from package permeability,
empty master packs were used. In the case of oxygen scavenger absorption, carbon dioxide
absorbed was calculated based on volume lost in master packs with one oxygen scavenger with
adjustment for volume lost due to package permeability. Volume of carbon dioxide absorbed by
meat was obtained as the difference between total carbon dioxide lost/absorbed and the volume
lost through package permeability and absorbed by the oxygen scavenger. The carbon dioxide
lost/absorbed in master packs with ground beef and one oxygen scavenger will be referred in this
study as “total carbon dioxide”.

Gas Concentration
Headspace gas concentration (O2, CO2, and CO) of master packs at the end of their
selected storage time was analyzed using a gas analyzer Pac Check Model 333 (Mocon, Inc.,
Minneapolis, MN). A foam rubber septum was applied over the cover film of the master pack to
avoid headspace gas leakage. A syringe was inserted through the septum into the package
headspace gas where an aliquot was collected and analyzed.
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Color
Color, reported as CIE L*a*b* values, was evaluated on each overwrap package using a
reflected color measurement spectrophotometer (MiniScan EZ, HunterLab, Reston, Virginia,
USA) with an 8mm view area, 2° observer, and illuminant A. The spectrophotometer was
standardized using a white ceramic tile covered by the same PVC overwrap film used in the
overwrap package. Measurements were taken in three different positions of each sample of
ground beef, immediately and 1 hour after opening master packs to allow meat to bloom.

Myoglobin Forms
Percentages of oxymyoglobin, deoxymyoglobin, and metmyoglobin were obtained
according to the AMSA guidelines (AMSA, 2012). Reflectance data of 400 to 700nm was
converted to K/S values (S is the scattering coefficient and K the absorbance coefficient) and
ratios of absorbance at different wavelengths were used for the calculations. In cases where
negative percentages were obtained, those were converted to zero, similarly, values over 100
were converted to 100 (Mancini et al., 2003). Proportions of the three myoglobin forms were
transformed to sum 100. Reflectance data were obtained at the same time as color data with a
color measurement spectrophotometer (MiniScan EZ, HunterLab, Reston, Virginia, USA) with an
8mm view area, 2° observer, and illuminant A. Three readings were taken at different locations
on each package of ground beef. To obtain the pure form of oxymyoglobin, ground beef was
packaged in high oxygen atmosphere, 80% O2/20% CO2, and kept for 2 hours before taking the
reading. The reference values for the other two forms of myoglobin were obtained as indicated in
the AMSA guidelines (AMSA, 1991).
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Statistical Analysis
Statistical analyses of package characteristics were conducted using Minitab® 16.2.4
software (Minitab, Inc., State College, Pennsylvania, USA). For study 1, a One-way ANOVA
was used, having storage time as the only factor. For study 2, package characteristics results were
analyzed using a Two-way ANOVA, storage time and presence/absence of oxygen scavenger and
ground beef were used as factors. ANOVAs were performed using General Lineal Model (GLM).
The effect of blooming on ground beef color and myoglobin forms was shown though serial
repeated measures using the mixed procedure of SAS® statistical analysis software (SAS
Institute Inc., Cary, North Carolina, USA). Effects were considered significant at p<0.05. When
ANOVA indicated significant differences among treatment means Tukey Means Separation Test
was used to discern the significant differences (p<0.05). A total of 26 samples were used for
study 1 and 56 samples for study 2.

Results and Discussion

Study 1

Film deflation
Decrease in master pack headspace gas volume is indicative of absorption or utilization
of gases. Decrease in gas volume is observed through deflation of the lidding film. Maintaining
low film deflation numbers is desirable since deflation may lead to package collapse. Film
deflation increased over time (p<0.05) from 6.17mm ± 0.17 on day 0 to 11mm ± 0.0 after 8 days
of storage. However, from day 4 to day 8 of storage, these changes were not significantly
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different (p>0.05). Al-Nehlawi et al. (2013) demonstrated how film cover deflation of chicken
packages significantly increased over storage time up to day 7 (p<0.05) and stayed similar up to
day 11 (p>0.05). However, changes were much more pronounced in their study compared to ours,
which could be mainly attributed to a higher carbon dioxide concentration, 70% versus 30% in
our study, since carbon dioxide partial pressure is the main factor associated with carbon dioxide
meat absorption (Jakobsen & Bertelsen, 2004; Rotabakk et al., 2007). Similar results were found
by Rotabakk et al. (2006) where film deflation of chicken packages significantly decreased from
5 to 11 days of storage (p<0.05), but remained the same from that point up to 24 days of storage
(p>0.05).

Volume of carbon dioxide lost/absorbed
Total volume of carbon dioxide lost/absorbed increased significantly over time (p<0.05),
having similar results from day 5 to day 8 of storage (p>0.05). After 8 days of storage, volume of
carbon dioxide lost was 125ml ± 1. Simpson et al. (2009) provides the amount of carbon dioxide
that could be dissolved in beef fat and lean, which could be used to calculate the approximate
amount of carbon dioxide that can be dissolved in meat. According to this, 137ml of carbon
dioxide could be absorbed by the master packed ground beef in this study.

Gas Concentrations
Carbon dioxide concentration decreased over storage (p<0.05) from 18.51% ± 0.05 in
master packs on day 0 to 5.24% ± 0.05 after 8 days of storage. Yet, changes in carbon dioxide
concentration were not found among packages stored for 5 through 8 days (p>0.05) (Table 4-2).
A review by Jakobsen and Bertelsen (2002) explains that carbon dioxide present in the headspace
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gas reaches equilibrium with the meat during the first days of storage. Al-Nehlawi et al. (2013)
showed that after only 2 days of storage, carbon dioxide reached equilibrium. Similarly, Sørheim
et al. (1999) indicated how after 2 to 3 days of storage, carbon dioxide concentrations decreased
to approximately 48% in beef and pork packaged in modified atmospheres containing 60%
carbon dioxide initially and that this concentration did not change during the rest of the storage
period. Venturini et al. (2010) explain how the marked decreased in carbon dioxide
concentrations found in their anoxic atmosphere treatments could be the result of meat absorption
as well as a partial pressure differential between the package and the surrounding atmosphere.
Carbon dioxide reduction in the headspace gas of packages during meat storage has been
highly reported (Al-Nehlawi et al., 2013; Jakobsen & Bertelsen, 2002b; Rotabakk et al., 2006;
Tasic̈ et al., 2014). In contrast, to our knowledge, carbon monoxide formation in fresh meat stored
for a short time has not yet been published in the literature. In the current study, carbon monoxide
concentration increased from 0.00% ± 0.00 (SE) during the first day of storage to 0.11% ± 0.02
(SE) after 8 days (p<0.05) (Table 4-2). Since 2002, carbon monoxide in low concentrations,
maximum 0.4%, has been approved to be used as GRAS (GRAS Notice No. 83) in fresh meat
master pack systems in the US by the Food and Drug Administration (Burrows & Brougher,
2008; FDA, 2002). Knowing that there could be an additional source of carbon monoxide in the
package could be of great importance when using gas mixtures that already contain the maximum
percent allowed by FDA.
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Table 4-2. Percent carbon dioxide and carbon monoxide in the headspace of master packed ground
beef through 8 days of storage.
Storage Time % CO2h % COi
0

18.51a

0.00d

10

12.46b

0.00d

24

11.25bc

0.00d

34

10.73bc

0.00d

48

9.29cde

0.01d

58

9.75cd

0.01d

72

8.18def

0.02cd

82

8.08def

0.02cd

96

7.59ef

0.04cd

120

6.40fg

0.06bc

144

5.28g

0.06bc

168

5.50g

0.09ab

192

5.24g

0.11a

a-g

Means within the same gas without a common letter are significantly different (p<0.05).
SEM is 0.35.
I
SEM is 0.008.
h

Color
CIE L*a*b* was used as an indication of color changes. L* value (lightness) after meat
was allowed to bloom was not affected by storage time (p>0.05) (data not shown). CIE, a* values
(redness) and b* values (yellowness) were affected by storage time (p<0.0001), 1 hour bloom
(p<0.0001), and their interaction (p<0.0001). CIE a* values (redness) of meat both before and
after bloom decreased significantly (p<0.05) after 10 hours of master pack storage then increased
(p<0.05) reaching plateaus after about 34 to 48 hours and remained unchanged (p>0.05) through
8 days of master pack storage. In the same time frame, from 34 hours to 8 days of storage, a 1
hour bloom increased (p<0.05) a* and b* values compared to values before bloom. CIE b* values
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(yellowness) of meat both before and after bloom showed an initial decline (p<0.05) after 10
hours of master pack storage. Following that decline, b* values before bloom remained mostly
unchanged (p>0.05) through the rest of the storage. For meat allowed to bloom in air for 1 hour,
b* values recovered to initial values after 24 hours and remained mostly unchanged (p>0.05)
through 8 days of master pack storage (Figure 4-1).
These results, along with visual appearance of the meat (Figure 4-2), indicate that after 3
days of very low oxygen master pack storage, meat is able to bloom completely. Various studies
using master pack systems with low oxygen concentrations have found that there is a minimum
storage time required for meat to undergo transient discoloration and then be able to bloom. In
systems with N2 or CO2, Gill and Jones (1994a) showed how beef steaks needed over 4 days in
their master pack to avoid presence of discoloration and bloom after 1 hour of display. In the case
of ground beef, after only 2 days of storage, meat showed lower levels of discoloration and an
improved color (Gill & Jones, 1994b). Gill (1996) explained how for practical purposes if meat is
going to be stored for longer periods of times, transient discoloration is not a significant problem
since it normally takes about 2 to 4 days to resolve if oxygen concentrations are initially low. The
same author also refers to the ability of oxygen scavengers to be used to avoid transient
discoloration. However, Gill (1996) emphasizes the necessity of a high oxygen uptake capacity to
accomplish very high absorption rates and reduce residual oxygen to below 10ppm in 1 hour.
Knowing when meat can achieve a desirable red color is imperative. Grebitus et al. (2013)
showed how purchasing decision of ground beef by consumers is highly affected by its quality
attributes like color.
Mancini and Hunt (2005) explained how pigment reduction in meat is a two-step process.
This process is why, in the presence of oxygen scavengers, ultra low oxygen concentrations
trigger transient discoloration shown in changes in a* and b* values during the first days of
storage. Figure 4-2 clearly demonstrates the importance of including an oxygen scavenger in the
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master pack to keep oxygen concentration to a minimum and avoid meat discoloration. Similar
results were found by Limbo et al. (2013) where steaks packaged without an oxygen scavenger
were irreversibly discolored after 7 days of storage, whereas meat packaged with oxygen
scavenger experienced transient discoloration. Buys et al. (1994) showed how master packs of
pork chops with 100% CO2 resulted in less acceptable samples compared to packages with high
oxygen bulk packs. This observation can be attributed to lack of a mechanism to assure very low
oxygen concentrations, which could cause meat discoloration. Ten years later, Buys (2004)
confirmed that the addition of an oxygen scavenger was necessary to maintain an acceptable
color. Nevertheless, the author discussed that more than one oxygen scavenger might have been
necessary to reduce oxygen levels to a point that optimal results can be reached.
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Figure 4-1. Redness (a*) and yellowness (b*) of master packed ground beef over storage time with
and without 1-hour bloom.
a-c
Means within the same bloom time without a common letter are significantly different
(p<0.05). A-B Means within the same storage time without a common letter are significantly
different (p<0.05). a* values SEM is 0.59 and b* values SEM is 0.69.

Figure 4-2. Color of ground beef following 1-hour bloom in air after master pack storage for 0, 2,
3, and 8 days with and without oxygen scavenger.
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Myoglobin Forms
During the first days of master pack storage, meat color changes considerably. Transient
discoloration occurs, where the main myoglobin form in a low oxygen atmosphere goes from
oxymyoglobin, the predominantly pigment in fresh meat, to metmyoglobin due to a decrease in
oxygen concentration. After almost all the oxygen in the system is exhausted, meat pigment is
reduced to deoxymyoglobin. High concentration of this final pigment during storage is desirable
since it can be readily oxygenated to oxymyoglobin (bloom) after meat is exposed to air e.g. retail
display. The same changes i.e. transient discoloration showing an increased in metmyoglobin
percentages during the first days of storage and then a decrease when deoxymyoglobin was
formed were presented by Limbo et al. (2013) in ultra low oxygen master packed beef steaks with
oxygen scavengers.
Similar to a* value reported above, oxymyoglobin concentration of meat stored for at
least 2 days and allowed to bloom was not significantly different from that observed on day 0
(p>0.05). Deoxymyoglobin in the samples was almost completely gone following 1 hour of
bloom in air (Figure 4-3). It is important to notice that oxymyoglobin, in most of the days, was
close to 100% (1h bloom). Similarly, Sørheim et al. (2009) concluded that a minimum of 2 days
of storage in a package with less than 0.1% residual oxygen is needed to obtain ground beef with
high proportions of deoxymyoglobin. Gill and Jones (1994b) demonstrated that master packed
ground beef in a CO2 headspace needed at least two days for discoloration to be substantially
decreased and at least 16 days of storage for metmyoglobin to be reduced below 10%. This
increased storage time could be a result of not having oxygen scavengers in their master packs.
Those packages will rely solely in their intrinsic oxygen consumption capacity and metmyoglobin
reducing activity (Sørheim et al., 2009). This mechanism could be exhausted easily if residual
oxygen is high (O’Keeffe & Hood, 1982). Figure 4-3 shows how after meat bloomed
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oxymyoglobin increased, deoxymyoglobin decreased and metmyoglobin remained unchanged.
Only oxymyoglobin and deoxymyoglobin were affected by bloom (p<0.0001); metmyoglobin did
not change during bloom (p=0.7932). This finding accentuates the importance of avoiding
metmyoglobin since this pigment does not change after exposure to oxygen.
Considering the importance of this phenomenon during early storage, there is lack of
literature that shows a detailed curve of the changes that meat color undergoes across short time
intervals. Nonetheless, some studies have described and presented data on transient discoloration
(Gill & Jones, 1994a, 1994b; Gill & McGinnis, 1995b; Limbo et al., 2013).
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Figure 4-3. Oxymyoglobin, deoxymyoglobin, and metmyoglobin of master packed ground beef
over storage time with and without 1-hour bloom.
a-d
Means within the same bloom time without a common letter are significantly different
(p<0.05). A-B Means within the same storage time without a common letter are significantly
different (p<0.05). SEM are 1.87 for oxymyoglobin, 0.83 for deoxymyoglobin, and 1.34 for
metmyoglobin.

71
Study 2

Volume of carbon dioxide lost/absorbed
Carbon dioxide volume loss from the master pack filled with 20% CO2/80% N2 proceeds
gradually as storage time increases. The total volume of carbon dioxide lost after 14 days from
the master pack with ground beef and oxygen scavenger is 159.8ml (Figure 4-4). At day 14, meat
absorption represented 27% of the total carbon dioxide lost, oxygen scavenger absorption
accounted for 67.4%, and package permeability represented 5.6% (Figure 4-4). Research with
modified atmosphere packaging using oxygen scavengers has not reported their effect on carbon
dioxide concentrations. Therefore, their marked contribution to carbon dioxide losses in this study
was not expected. Looking for an explanation in the literature, Charles et al. (2006) as well as
Miltz and Perry (2005) found that carbon dioxide was also absorbed by iron-based oxygen
scavengers. The carbon dioxide absorption reaction consists of carbonatation of iron hydroxide,
which is an outcome of the series of reactions that take place during the iron oxidation reactions
to scavenge oxygen (Charles et al., 2006). Miltz and Perry (2005) reported that the presence of
high carbon dioxide concentrations in the atmosphere actually lowered oxygen absorption
capacity compared to oxygen scavengers that were just exposed to air. This finding shows that
carbon dioxide absorption can interfere in the efficacy of oxygen scavengers.
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Figure 4-4. Carbon dioxide volume lost from the package or absorbed by the oxygen scavenger or
the ground beef in master packs during storage.

Dissolved carbon dioxide in meat
When meat is exposed to atmospheres containing carbon dioxide, the gas is dissolved in
its lipid and water components (Gill, 1988). As expected, the rate that carbon dioxide dissolved in
ground beef per hour decreases as storage time increases, due to saturation of the gas in the meat
(Figure 4-5). It is important to consider that the amount of carbon dioxide dissolved in ground
meat was obtained as an indirect measurement from the total carbon dioxide absorption in the
system and the carbon dioxide absorbed by the oxygen scavenger. Therefore, there could be a
difference in the amount absorbed by the meat, as shown later in chapter 5.
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Figure 4-5. Rate of carbon dioxide migration to ground beef during storage in master packs.
Data of carbon dioxide dissolved in ground beef during storage in master packs based on formula
from Al-Nehlawi et al. (2013).

Film deflation
Changes in gas concentrations in the package headspace atmosphere, lead to significant
film deflation during storage time (p=0.000). Film deflation during storage was higher in
packages that included an oxygen scavenger compared to empty packages (p<0.05). On days 1
and 7 of storage, film deflation was higher in packages that contained both an oxygen scavenger
and ground beef (p<0.05) (Figure 4-6). Meat contributes to a decline in headspace carbon dioxide
concentration, as this gas dissolves in meat until it reaches equilibrium (Zhao et al., 1994). This
decline will decrease the partial pressure inside the master pack, reducing its volume (Gill, 1988;
Zhao et al., 1994) which will then be reflected in an increase in film deflation.
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Figure 4-6. Film deflation of master packs over storage time with one oxygen scavenger, empty, or
with one oxygen scavenger and ground beef.
a-d
Means within the same package type without a common letter are significantly different
(p<0.05). A-C Means within the same storage time without a common letter are significantly
different (p<0.05). SEM is 0.014.

Gas Concentrations
As seen in study 1, carbon dioxide (Figure 4-7) and carbon monoxide (Figure 4-8)
concentrations were affected by the presence of oxygen scavengers and ground beef. Carbon
dioxide concentrations of empty packages did not change over time (p>0.05). This finding shows
that the package was impermeable to significant carbon dioxide losses. Packages with oxygen
scavengers alone or oxygen scavengers and ground beef showed decreased carbon dioxide
concentrations as storage time increased (p<0.05). At the same time that carbon dioxide
concentrations decreased, carbon monoxide increased in master packs with oxygen scavengers
after 7 days of storage, showing higher concentrations in packages that contained oxygen
scavengers and ground beef (p<0.05) (Figure 4-8). One explanation for the production of carbon
monoxide could be iron’s activity as a peroxidation initiator. According to Wolff and Bidlack
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(1976) carbon monoxide formation results during lipid peroxidation. Vreman, Wong, Sanesi,
Dennery, and Stevenson (1998) showed that not only is carbon monoxide mainly the product of
lipid peroxidation, but also of heme oxygenase reaction. In addition, Fe(II) and Fe(III)
concentrations have shown to increase carbon monoxide production (Vreman et al., 1998). An
iron-based oxygen scavenger in the package, functioning through oxidative reactions, could
provide the precursors for carbon monoxide formation in the meat. This mechanism would
require physical contact between the oxygen scavenger and the meat. Such contact may be
provided by free exudates in the package.

Figure 4-7. Carbon dioxide concentration in the atmosphere of master packs over storage time with
one oxygen scavenger, empty, or with one oxygen scavenger and ground beef.
a-f
Means within the same package type without a common letter are significantly different
(p<0.05). A-C Means within the same storage time without a common letter are significantly
different (p<0.05). SEM is 0.23.
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Figure 4-8. Carbon monoxide concentration in the atmosphere of master packs over storage time
with one oxygen scavenger, empty, or with one oxygen scavenger and ground beef.
a-d
Means within the same package type without a common letter are significantly different
(p<0.05). A-C Means within the same storage time without a common letter are significantly
different (p<0.05). SEM is 0.0064.

Color
Storage time had a significant effect on L* value (p=0.0008). Before blooming, a
significant (p<0.05) increase in L* value was observed on day 7 compared to day 0. After
blooming, day 4 L* value was higher than day 0 (p<0.05) (data not shown). The short time that
ground beef was master packed on day 0 was sufficient to decrease a* value (compare a* value
on day 0 in study 1) (Figure 4-9). This finding shows how quickly color changes in low oxygen
atmospheres. As in study 1, after only 2 days of storage, a* values after bloom were higher
compared to meat color without bloom, and remained constant throughout 2 weeks of storage
(Figure 4-9). CIE b* values after bloom were higher compared to values before bloom (p<0.05)
and values remained mostly unchanged throughout storage (Figure 4-9).
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Figure 4-9. Redness (a* value) and yellowness (b* value) of master packed ground beef over
storage time with and without 1-hour bloom.
a-c
Means within the same bloom time without a common letter are significantly different
(p<0.05). A-B Means within the same storage time without a common letter are significantly
different (p<0.05). a* value SEM is 0.59 and b* value SEM is 0.62.

Myoglobin Forms
As expected, bloom had a significant effect on oxymyoglobin and deoxymyoglobin
concentration (p<0.0001) (Figure 4-10). After blooming, deoxymyoglobin decreased and
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oxymyoglobin increased (p<0.05). During storage time, meat that bloomed reached values higher
than 90% oxymyoglobin after 2 days of storage and these values were maintained throughout the
14 days of storage (p>0.05). In contrast to changes on oxy- and deoxymyoglobin, metmyoglobin
did not change with bloom time (p=0.079). Day 0 values, collected 90 minutes after packaging,
show measurable metmyoglobin representing meat in which transient discoloration is already
underway. After day 2, metmyoglobin values were 0 or close to 0 throughout storage (Figure 410). Similar to our results, Buys (2004) showed how pork chops master packed in 100% CO2 with
an Ageless® oxygen scavenger presented oxymyoglobin levels of about 30 to 40% after 7 to 21
days of storage (before blooming). In addition, their results showed how metmyoglobin
percentage, up to 21 days of storage, was low, approximately 10% or less. Limbo et al. (2013)
showed how fresh beef oxymyoglobin decreased during master pack storage, as it is converted to
deoxymyoglobin, and that about 30% oxymyoglobin remained in the meat when oxygen
scavengers where used in master packs, explaining this as a consequence of the shape of the
oxygen dissociation curve in beef myoglobin. They also reported reaching deoxymyoglobin
values (before bloom) of 50%, and metmyoglobin percentages below 10%. In our study, meat
that was stored in master packs for at least 2 day, had oxymyoglobin percentages before blooming
of around 30%, deoxymyoglobin levels between 60 to 70%, and metmyoglobin after
discoloration was resolved, was kept close to 0%.
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Figure 4-10. Oxymyoglobin, deoxymyoglobin, and metmyoglobin of master packed ground beef
over storage time with and without 1-hour bloom.
a-c
Means within the same bloom time without a common letter are significantly different
(p<0.05). A-B Means within the same storage time without a common letter are significantly
different (p<0.05). SEM are 2.07 for oxymyoglobin, 1.30 for deoxymyoglobin and 1.38 for
metmyoglobin.
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Conclusion
The addition of oxygen scavengers was essential to maintain ground beef myoglobin in a
reduced state, since myoglobin can be readily oxygenated, avoiding permanent discoloration of
the meat. A close analysis of meat color changes during the first days of storage showed that
transient discoloration occurs when oxygen levels are reduced. In addition to reducing oxygen
concentrations, oxygen scavengers contribute to changes in other headspace gases, including
decreased carbon dioxide concentration and increased carbon monoxide during master pack
storage. Even though these changes could be a result of iron oxidation reactions, further studies
are needed to better understand how oxygen scavengers affect these concentrations. Packagers
need to be aware of the reduced carbon dioxide concentrations available for microbial purposes
when oxygen scavengers are used and at the same time be cautious with the potential
consequences of an increased carbon monoxide in the headspace gas due to current regulations.
Nevertheless, it is important to emphasize that oxygen scavengers are currently the best option for
achieving and maintaining the very low oxygen concentration needed for extended color stability
in master packed ground beef.
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Chapter 5
The effect of oxygen scavengers and CO2 concentrations on color and
package characteristics of master packed ground beef

Abstract
This study investigates the effect of storage time, display time, two different oxygen
scavengers, and different carbon dioxide concentrations on master packed ground beef color and
package characteristics. Samples were stored at 0.5°C for up to 28 days in 20% CO2/80% N2 and
30% CO2/70% N2. Our results show that red meat color was maintained for up to 28 days of
storage. Nevertheless, a* values during display decreased as storage time increased (p<0.05).
Master packs with either oxygen scavenger showed comparable total carbon dioxide absorbed.
However, differences between oxygen scavengers were noticed in packages that did not include
meat. Carbon dioxide significantly decreased after 14 days of storage in packages with oxygen
scavengers (p<0.05), but did not change (p>0.05) after that. In addition, the presence of an
oxygen scavenger contributed to production of carbon monoxide, which was higher for packages
with 30% CO2/70% N2. Carbon dioxide absorption as well as carbon monoxide production can be
important factors when considering the headspace gas and oxygen scavenger used in the system.
In addition, changes during display need to be considered as well.

Introduction
Among the several options to package retail-ready fresh meat, centralized packaging
systems have increased in popularity (Jeremiah & Gibson, 2001). Master packs, as an effective
method to prolong meat shelf life, have shown an economic advantage (Jeyamkondan et al.,
2000; Tewari et al., 1999). Master packs consist of a secondary package in which oxygen
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permeable packaged meat i.e. retail package is multipacked in a modified atmosphere to maintain
desirable meat characteristics after master packs have been opened and the product has been
displayed. Commonly, the use of anoxic atmospheres is preferred to avoid oxidation reactions
(Jayasingh et al., 2002; Kim et al., 2010) as well as to control the growth of aerobic spoilage
bacteria (Sørheim et al., 1999). Caution must be taken since residual oxygen present in the
headspace gas can trigger meat discoloration (Gill & McGinnis, 1995a; Sørheim et al., 2009;
Venturini et al., 2006). For this reason, oxygen scavengers can play a key role in controlling
oxygen concentrations (Gill & McGinnis, 1995b; Jeyamkondan et al., 2000; Limbo et al., 2013;
Tewari, Jeremiah, et al., 2002).
Headspace atmospheres usually include carbon dioxide as one of their gases to suppress
microbial growth (Kennedy et al., 2005; Martínez et al., 2005; Tewari et al., 1999), allowing fresh
meat to be stored for longer periods of time (Wilkinson et al., 2006). Silliker et al. (1977) showed
that carbon dioxide has a bacteriostatic effect during storage and a residual effect after meat is
exposed to air. Venturini et al. (2010) emphasized the importance of having enough carbon
dioxide in the package, so it could saturate the meat and reach equilibrium during the entire
storage time.
Previous work in this laboratory has shown how oxygen scavengers can affect not only
oxygen concentrations, but also carbon dioxide and carbon monoxide concentrations. These
findings have increased our interest in looking at results with different oxygen scavengers.
Normally, studies that involve oxygen scavengers do not compare different types (Beggan et al.,
2006; Buys, 2004; Gill & McGinnis, 1995b; Isdell et al., 1999; Limbo et al., 2013; Venturini et
al., 2006; Venturini, Faria, Olinda, & Contreras-Castillo, 2014). In a few studies, multiple oxygen
scavengers were compared, but their focus was on oxygen kinetics (Charles et al., 2006; Miltz &
Perry, 2005; Tewari, Jayas, et al., 2002). For this reason, the current study compares two
commercial oxygen scavengers and two carbon dioxide concentrations in the headspace gas
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mixture to show the changes in gas concentrations while meat is master packed, as well as the
effect of these treatments over color parameters during storage and display.

Materials and Methods

Packaging
Ground beef, of approximately 18% fat, was obtained from the Pennsylvania State
University Meats Lab. Percent fat was determined by the modified Babcock method (Sebranek et
al., 1989). Meat was portioned into 150g ± 1g, placed on polystyrene trays (Bunzl Kock Supplies,
N. Kansas City, MO) and overwrapped with a PVC oxygen permeable stretch film (PMS 15,
Prime Source, St. Louis, MO) (OTR 16639 cc/m2/24h at 23°C). Each of these overwrap packages
was master packed in a rigid high barrier multilayer PP/PB with EVOH tray (OTR 0.1cc to
1cc/tray/24h at 23°C and 0% RH) (Coextruded Plastic Technologies, Inc., Edgerton, WI) filled
with a gas mixture of 80% N2/20% CO2 or 70% N2/30% CO2 and lidded with a 2.4 mil high
barrier film HB-60 (OTR 3.1 cc/m2/24h at 23°C and 0% RH) (Ultravac Solutions LLC, Kansas
City, MO) using a Rhino 4 tray sealer (UltraSource LLC, Kansas City, MO). Designated master
packs included one Ageless® SR-BC (Mitsubishi Gas Chemical America, Inc., New York, NY)
oxygen scavenger, one FreshPax® CR (Multisorb Technologies, Buffalo, NY) oxygen scavenger
packet, or no oxygen scavenger. Packages without ground beef, but under the different treatments
were included in the study to account for changes in gas concentrations and film deflation.
Samples were packaged in duplicate for each package type.
To validate the presence of carbon monoxide in master packs, overwraps were also
packaged in high barrier bags 3 mil vacuum pouch (UltraSource LLC, Kansas City, MO) instead
of rigid trays and filled with a 70% N2/30% CO2 gas mixture using a Minipack Torre (Minipack
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America Inc., Orange, CA). Designated master packs included one Ageless® SR-BC (Mitsubishi
Gas Chemical America, Inc., New York, NY), one FreshPax® CR (Multisorb Technologies,
Buffalo, NY) oxygen scavenger packet, or no oxygen scavenger. Similarly, packages without
ground beef, but under the different treatments were included in the study to account for changes
in gas concentrations. Samples were packaged in duplicate for each package type. Results of the
validation are presented in Appendix A.

Experimental Plan
The study was performed to show the effect of storage time, different oxygen scavengers,
and headspace gas on package and meat characteristics. Master packs were stored in the dark at
0.5 ± 0.5°C for 0, 14, 21, or 28 days. At the end of each storage time, headspace gas
concentrations (Pac Check 333, Mocon Inc., Minneapolis, MN) and film deflation were
measured. The overwrap package was removed from the master pack and ground beef color was
measured immediately and after 1 hour of bloom time in the dark at 0.5°C. Overwrapped
packages were displayed in an open top, illuminated retail display case at 4 ± 1°C and kept under
continuous fluorescent lighting F40SP35-ECO (3500 K, 40W) (Lux 920-1000) (General Electric,
East Cleveland, OH) for 2 and 4 days. Storage and display temperatures were chosen based on
commonly used settings across studies with master packs.

Film Deflation
Film deflation in master packed products represents a decrease in gas volume in the
package. For rigid trays used in this research, film deflation is observed as the lidding film
changes from flat to concave. Data for film deflation were collected for each master pack as
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described in Rotabakk et al. (2006). Film deflation was measured using a straight edge and a
caliper. The top of the trays were considered as the reference plane from which the distance to the
film was obtained. Measurements were taken in triplicate at the center of the tray.

Volume of carbon dioxide lost/absorbed
Volume of carbon dioxide lost and absorbed was calculated based on volume differences
between day 0 and the day of storage using film deflation of the master pack, carbon dioxide
concentrations, master pack volume, and overwrapped ground beef volume. Master pack and
overwrapped ground beef volumes were obtained through water volume displacement. To obtain
carbon dioxide lost from package permeability, empty master packs were used. In the case of
ground beef and oxygen scavenger absorption, carbon dioxide absorbed was calculated based on
volume lost in master packs with ground beef or oxygen scavenger, respectively, with
adjustments for volume lost due to package permeability. Total carbon dioxide volume for
Ageless® or FreshPax® oxygen scavengers refers to the carbon dioxide lost/absorbed in master
packs with ground beef and one oxygen scavenger, Ageless® or FreshPax®, respectively.

Gas Concentration
Headspace gas concentration (O2, CO2, and CO) of master packs at the end of their
selected storage time was analyzed using a gas analyzer (Pac Check Model 333, Mocon Inc.,
Minneapolis, MN). A foam rubber septum was applied over the cover film of the master pack to
avoid headspace gas leakage. A syringe was inserted through the septum into the package
headspace gas where an aliquot was collected and analyzed.
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Color
Color, reported as CIE L*a*b* values, was evaluated on each overwrap package using a
reflected color measurement spectrophotometer (MiniScan EZ, HunterLab, Reston, Virginia,
USA) with an 8mm view area, 2° observer, and illuminant A. The spectrophotometer was
standardized using a white ceramic tile covered by the same PVC overwrap film used in the
overwrap package. Measurements were taken in three different positions of each sample of
ground beef, immediately, 1 hour after opening master packs to allow meat to bloom, and after 2
and 4 days of display.

Myoglobin Forms
Percentages of oxymyoglobin, deoxymyoglobin, and metmyoglobin were obtained
according to the AMSA guidelines (AMSA, 2012). Reflectance data of 400 to 700nm was
converted to K/S values (S is the scattering coefficient and K the absorbance coefficient) and
ratios of different wavelengths were used for the calculations. In cases where negative
percentages were obtained, those were converted to zero; similarly, values over 100 were
converted to 100 (Mancini et al., 2003). Proportions of the three myoglobin forms were
transformed to sum 100. Reflectance data were obtained at the same time as color data with a
color measurement spectrophotometer (MiniScan EZ, HunterLab, Reston, Virginia, USA) with an
8mm view area, 2° observer, and illuminant A. Three readings were taken at different locations
on each package of ground beef. To obtain the pure form of oxymyoglobin, ground beef was
packaged in high oxygen atmosphere, 80% O2/20% CO2, and kept for 2 hours before taking the
reading. The reference values for the other two forms of myoglobin were obtained as indicated in
the AMSA guidelines (AMSA, 1991).
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Statistical Analysis
Statistical analyses for package characteristics were conducted through a multi-way
ANOVA performed with General Lineal Model (GLM) using Minitab® 16.2.4 software
(Minitab, Inc., State College, Pennsylvania, USA). Gas concentrations and film deflation had
storage time, headspace gas, presence of ground beef, and difference between oxygen scavengers
as factors. Volume of carbon dioxide lost/absorbed used a multi-way ANOVA having headspace
gas, storage time, and package component as factors. Color results, CIE L*a*b values and
myoglobin forms, were analyzed using storage time, display time, headspace gas, and difference
between oxygen scavenger as factors using the mixed procedure of SAS® statistical analysis
software (SAS Institute Inc., Cary, North Carolina, USA) for serial repeated measures. The effect
of bloom on ground beef color and myoglobin forms was analyzed separately through serial
repeated measures using the mixed procedure of SAS® statistical analysis software (SAS
Institute Inc., Cary, North Carolina, USA). For the interaction between oxygen scavengers and
storage time after 1 hour bloom, a factorial design was used using General Lineal Model (GLM)
in Minitab® 16.2.4 software (Minitab, Inc., State College, Pennsylvania, USA). Effects were
considered significant at p<0.05. When ANOVA indicated significant differences among
treatment means Tukey Means Separation Test was used to discern the significant differences
(p<0.05). A total of 96 samples were used in the study, an additional 48 samples were used for
carbon monoxide validation.
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Results and Discussion

Volume of carbon dioxide lost/absorbed
The different package components provide a mechanism through which carbon dioxide
could potentially be absorbed or lost. Figure 5-1 shows the volume of carbon dioxide that has
been lost from the package permeability or absorbed by the oxygen scavenger or ground beef.
Statistical results show that headspace gas (p=0.000), storage time (p=0.000), package component
(p=0.000), and their interactions (p=0.000) have significant effects on the amount of carbon
dioxide that leaves the master pack headspace. Comparing master packs with different headspace
gases, master packs with 30% CO2/ 70% N2 had higher absorption/loss of carbon dioxide
(p<0.05). Even though oxygen scavengers also contributed to carbon dioxide absorption (Figure
5-1), it has been shown that carbon dioxide partial pressure is the main factor affecting meat
carbon dioxide absorption (Jakobsen & Bertelsen, 2004). Therefore, it was expected that
increasing carbon dioxide concentration increases its absorption due to a greater partial pressure
difference between the headspace gas and the meat (Gill, 1988; Jakobsen & Bertelsen, 2004;
Rotabakk et al., 2007).
Increasing storage time in master packs with ground beef and/or oxygen scavengers,
increased the amount of carbon dioxide lost/absorbed (p<0.05) (Figure 5-1). Package
permeability was not included in the statistical analysis since its values were used on each one of
the other package components to adjust for losses due to package permeability. Nevertheless,
knowing the permeability of the tray and film is important in order to avoid overestimating the
amount of dissolved carbon dioxide. As carbon dioxide concentration decreases, due to package
permeability, less carbon dioxide is available for absorption (Rotabakk et al., 2007).
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It is important to notice that the total amount of carbon dioxide lost/absorbed during
storage from ground beef master packs with Ageless® or FreshPax® was the same in master
packs with 20% CO2/80% N2 (p>0.05). However, with 30% CO2/ 70% N2 the addition of
FreshPax® resulted in significantly higher losses after 14 and 21 days of ground beef master pack
storage compared to ground beef master packs with Ageless® (p<0.05). Nonetheless, Ageless®
oxygen scavenger absorbed less carbon dioxide compared to FreshPax® in both headspace gases,
when looking at master packs that only had oxygen scavengers (p<0.05). The difference in
carbon dioxide absorption can be explained as a result of dissimilar oxygen absorption capacities
between the two oxygen scavengers. As reported by Charles et al. (2006), the “parasite” carbon
dioxide absorption by oxygen scavengers results from a reaction with iron hydroxide i.e. a
product of the oxidation reaction that consumes oxygen. Therefore, it can be expected that the
amount of carbon dioxide absorbed will be dependent on the amount of oxygen that reacts in an
oxygen scavenger. In fact, Charles et al., (2006) found that the absorption capacity for these two
gases was similar, reporting 85 ± 2 ml of carbon dioxide absorbed and 116 ± 4 ml of oxygen
absorbed by the same type of oxygen scavenger. For oxygen scavengers used in this study,
Ageless® SR-BC has an oxygen absorption capacity of approximately 500cc (personal
communication), while the FreshPax® CR oxygen scavenger has a nominal oxygen absorption
capacity of 800cc (Limbo et al., 2013).
Considering each master pack component alone, ground beef or oxygen scavenger,
provides an idea of the maximum carbon dioxide that could be absorbed by those two
components separately. The sum of these two maximum quantities is greater than the amount of
carbon dioxide lost/absorbed in master packs with ground beef and oxygen scavengers. This
finding suggests that ground beef and/or oxygen scavengers do no exhibit their maximum carbon
dioxide absorption capacity when they are in the same system. Because of the complexity of the
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system of master packs with ground beef and oxygen scavengers, it is difficult to know how
much of that total carbon dioxide absorbed/lost came from each component alone.

A)

B)

Figure 5-1. Carbon dioxide volume lost from the master pack, A) 20% CO2/ 80% N2 B) 30% CO2/
70% N2 headspace gas due to package permeability, oxygen scavenger absorption FreshPax® or
Ageless®, and ground beef solubility.
a-c
Means within the same package component in the same headspace gas without a common
letter are significantly different (p<0.05). A-D Means within the same storage time in the same
headspace gas without a common letter are significantly different (p<0.05).
Total volume observed refers to master packs with ground beef and one oxygen scavenger. SEM
is 3.0.
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Film Deflation
Film deflation occurs when headspace gases are absorbed or reacted by meat or
scavengers in the package. Headspace gas (p=0.000), storage time (p=0.000), presence of ground
beef (p=0.000), and oxygen scavenger (p=0.000) had a significant effect on film deflation. On
average, film deflation was greater in packages with 30% carbon dioxide (p<0.05). This
observation can be explained by the relationship between carbon dioxide
absorption/solubilization and film deflation (Al-Nehlawi et al., 2013; Rotabakk et al., 2006). As
seen in Figure 5-1, volume of carbon dioxide lost was higher in 30% carbon dioxide (p<0.05). As
expected, packages with ground beef had higher film deflation compared to empty packages
(p<0.05). Various studies have been conducted focusing on carbon dioxide absorption by meat
(Al-Nehlawi et al., 2013; Gill & Penney, 1988; Gill, 1988; Jakobsen & Bertelsen, 2004; Rotabakk
et al., 2006, 2007; Rotabakk, Lekang, & Sivertsvik, 2010). Film deflation was greater for
packages with FreshPax® compared to Ageless®, and these had greater film deflation than
packages without an oxygen scavenger (p<0.05). This finding correlates with the changes in
carbon dioxide concentration in each scenario (Figure 5-2). Storage time increased film deflation.
Table 5-1 shows how the interaction of oxygen scavengers, storage time, and presence on ground
beef affects film deflation. Packages on day 0 had lower values compared to packages after 14,
21, or 28 days of storage (p<0.05). Packages with FreshPax® with or without ground beef
showed higher film deflation values (p<0.05), comparable to packages with Ageless® and ground
beef (p>0.05). The lowest values were obtained in packages without oxygen scavengers and
packages on day 0 (p<0.05).
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Table 5-1. Film deflation of master packs with different oxygen scavengers, storage time, and with
or without ground beef.
Oxygen
scavengerh

Ground
beefi

Storage time
(days)j

N

Film deflationk
(mm)

FreshPax®

Yes

0

4

1.19fg

14

4

10.25ab

21

4

9.14ab

28

4

9.55ab

0

4

1.16fg

14

4

10.61a

21

4

9.74bc

28

4

9.29ab

0

4

0.87fg

14

4

9.91ab

21

4

9.04ab

28

4

9.95ab

0

4

0.72g

14

4

6.16d

21

4

6.44d

28

4

7.26cd

0

4

1.08fg

14

4

2.50ef

21

4

2.46ef

28

4

3.66e

0

4

1.14fg

14

4

1.40fg

21

4

0.13g

No

Ageless®

Yes

No

None

Yes

No

28
4
0.44g
a-g
Means without a common letter are significantly different (p<0.05).
h
One FreshPax ®, one Ageless ®, or no oxygen scavenger was added in the master pack.
i
150g of ground beef in oxygen permeable packages was master packed when “Yes”.
j
Master packs were stored in the dark at 0.5 ± 0.5°C.
k
SEM is 0.32.
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Gas Concentrations
Oxygen concentration in the master pack atmosphere was affected by headspace gas
(p=0.000), storage time (p=0.000), presence of ground beef (p=0.023), and oxygen scavenger
(p=0.000). Oxygen concentration was higher in packages with 30% carbon dioxide (p<0.05). This
significant difference was a result of higher oxygen concentrations the day of packaging. Oxygen
concentrations in master packs decreased after two weeks of storage (p<0.05) and remained
similar throughout 28 days of storage (p>0.05). It is important to notice that even though results
showed a decrease in oxygen concentration after 14 days of storage, based on previous studies,
oxygen concentrations in the headspace gas start to decrease rapidly after a few hours with
oxygen scavengers (Charles et al., 2006; Gill & McGinnis, 1995b; Limbo et al., 2013; Miltz &
Perry, 2005; Tewari, Jayas, et al., 2002).
The presence of ground beef also increased the average oxygen concentration compared
to packages without meat (p<0.05). This increase in oxygen concentration in master packs has
been related to entrapped oxygen in the overwrap tray headspace or in the tray matrix in cases
where polystyrene foam trays are used (Limbo et al., 2013; Tewari, Jeremiah, et al., 2002;
Venturini et al., 2006, 2014). The use of oxygen scavengers, FreshPax® and Ageless®,
effectively reduced oxygen concentration during master packs storage (p<0.05). Similar results
were found by Venturini et al. (2006) and Limbo et al. (2013) who showed that oxygen
scavengers rapidly reduced oxygen concentration in master packs during storage and that these
concentrations were lower compared to packages without oxygen scavengers. The significant
interactions of oxygen scavenger with ground beef (p=0.000) and oxygen scavenger with storage
time for headspace oxygen concentrations (p=0.000) are shown in Table 5-2. It is notable that
although the presence of ground beef affected oxygen concentration, concentrations were similar
(p>0.05), independent of ground beef, when an oxygen scavenger was present (Table 5-2).
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Table 5-2. Oxygen concentration in master packs. Interactions of oxygen scavengers with presence
of ground beef and oxygen scavengers with storage time.
N

% O2d

SEM

Yes

16

0.93c

0.078

No

16

0.86c

Yes

16

0.82c

No

16

0.98c

Yes

16

3.79a

No

16

3.26b

Interaction
Oxygen scavengere x Ground beeff
FreshPax®
Ageless®
None

Oxygen scavengere x Storage timeg
FreshPax®

Ageless®

None

0

8

3.54a

0.11

b

14

8

0.005

21

8

0.004b

28

8

0.05b

0

8

3.54a

14

8

0.009b

21

8

0.02b

28

8

0.03b

0

8

3.49a

14

8

3.85a

21

8

3.38a

28

8

3.38a

a-c

Means within the same interaction without a common letter are significantly different (p<0.05).
Data from master packs with 20%CO2/80%N2 and 30%CO2/70%N2 was used.
e
One FreshPax®, one Ageless®, or no oxygen scavenger was added in the master pack.
f
150g of ground beef in oxygen permeable packages was master packed when “Yes”.
g
Master packs were stored in the dark at 0.5 ± 0.5°C.
d

Presence of ground beef (p=0.000), oxygen scavengers (p=0.000), difference in
headspace atmosphere (p=0.000), and storage time (p=0.000) each affected carbon dioxide
concentration in the headspace of master packs. Since carbon dioxide dissolves in ground beef
(Gill, 1988), headspace concentrations were lower when ground beef was present in the package
(p<0.05). Figure 5-2 shows changes in carbon dioxide concentration in the different master
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packaging conditions. Master packs with ground beef and an oxygen scavenger decreased carbon
dioxide concentration after 14 days of storage to nearly 0% (p<0.05), with no significant
difference between the two oxygen scavengers (p>0.05). As explained before, iron-based oxygen
scavengers are found to absorb not only oxygen, but also carbon dioxide from the package
headspace (Charles et al., 2006; Miltz & Perry, 2005). On the other hand, master packs without
ground beef show that Ageless® oxygen scavengers reduced carbon dioxide concentrations after
14 days of storage, but not as much as FreshPax® oxygen scavengers (p<0.05). As mentioned
before, this difference could be explained by the oxygen absorption capacity of each type of
oxygen scavenger.
From 14 to 28 days of storage, carbon dioxide concentrations did not change in master
packs with oxygen scavengers and with or without ground beef (p>0.05) (Figure 5-2). Since
carbon dioxide absorption by an oxygen scavenger is a subsequent reaction of iron oxidation in
the presence of oxygen (Charles et al., 2006), oxygen is needed for oxygen scavengers to
continue uptake of carbon dioxide. Therefore, when oxygen has been depleted from the package
headspace gas, carbon dioxide uptake will end. In the current study, this occurred at 14 days of
storage (Table 5-2). In addition, studies have shown that during the first few days of storage,
equilibrium is reached as meat becomes fully saturated with carbon dioxide (Al-Nehlawi et al.,
2013; Jakobsen & Bertelsen, 2002b; Møller et al., 2000; Penney & Bell, 1993; Rotabakk et al.,
2006). Having 30% carbon dioxide, as compared to 20%, resulted in master packs with higher
CO2 concentrations, regardless of their storage time (p<0.05) (headspace gas vs. storage time
interaction, p=0.000).
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I)

A
)

II)
B
)

Figure 5-2. Carbon dioxide concentrations in master packs I) with ground beef packaged in an
oxygen permeable package and II) without ground beef in two headspace atmospheres, 20%
CO2/80% N2 and 30% CO2/70% N2 and with oxygen scavengers, Ageless®, FreshPax®, or no
oxygen scavenger added.
A-C
Means within the same storage time without a common letter are significantly different
(p<0.05). a-c Means within the same oxygen scavenger without a common letter are significantly
different (p<0.05). SEM for master packs with ground beef is 0.42 and SEM for master packs
without ground beef is 0.86.
Carbon monoxide concentrations were affected by presence of oxygen scavengers
(p=0.000), storage time (p=0.000), and headspace gas (p=0.000). However, presence of ground
beef did not affect carbon monoxide (p=0.109). Even though presence of ground beef did not
have a significant effect, its interaction with oxygen scavengers was significant (p=0.000). Figure
5-3 shows how Ageless® behaves differently in master packs with and without ground beef.
These results suggest that ground beef contributes to carbon monoxide production only when
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Ageless® oxygen scavengers are used. However, the mechanisms of this interaction have not
been identified. It is important to emphasize that no publications were found reporting carbon
monoxide production by oxygen scavengers. As shown on Figure 5-3, the use of oxygen
scavengers increased carbon monoxide concentrations compared to packages without oxygen
scavengers that presented no carbon monoxide during the whole storage period (p<0.05). The
possible mechanism by which carbon monoxide is produced by oxygen scavengers is discussed in
chapter 4. FreshPax® produced higher carbon monoxide concentrations than Ageless® (p<0.05).
These concentrations increased during storage time (p<0.05). The different headspace gases used
also produced different carbon monoxide concentrations, being higher in master packs with 30%
carbon dioxide (p<0.05). These results suggest that oxygen absorption capacity as well as carbon
dioxide absorption by oxygen scavengers are determinant factors involved in carbon monoxide
production.
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I)

II)

Figure 5-3. Carbon monoxide concentrations in master packs I) with ground beef packaged in an
oxygen permeable package and II) without ground beef in two different headspace atmospheres,
20% CO2/ 80% N2 and 30% CO2/ 70% N2 and with different oxygen scavengers, Ageless®,
FreshPax®, and no oxygen scavenger added.
A-C
Means within the same storage time without a common letter are significantly different
(p<0.05). a-c Means within the same oxygen scavenger without a common letter are significantly
different (p<0.05). SEM for master packs with ground beef is 0.07 and SEM for master packs
without ground beef is 0.039.

Color
The two different headspace gases used in the master packs did not have a significant
effect on L* value (p=0.0635), a* value (p=0.6157), and b* value (p=0.5965). Display time and
storage time had a significant effect on L*values (p<0.0001 and p=0.0142, respectively).
Comparing storage times, only 28 days of storage (average L* value of 53.69 ± 0.356) had a
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significantly lower value compared to 0 days of storage (average L* value of 54.98 ± 0.226)
(p=0.0085). However, this difference is too small to be of practical importance. Similarly, as
display time increased, there was a small decrease in L* values. In addition, presence of an
oxygen scavenger did not contribute to changes in L*values (p=0.1045). However, allowing meat
to bloom increased L* values from 54.28 ± 0.295 to 55.36 ± 0.212 after 1 hour bloom
(p<0.0001). As expected, a 1 hour bloom significantly increased ground beef a* and b* values
(p<0.0001) (data not shown). When very low residual oxygen levels are present in the package
headspace gas, deoxymyoglobin will be the primary pigment found in meat. When this is the
case, meat that is allowed to bloom in air will become a bright red color (Buys, 2004; O’Keeffe &
Hood, 1980; Wilkinson et al., 2006). Similar to our study, Isdell, Allen, Doherty, and Butler
(1999) found that beef steaks stored for up to 6 weeks in low oxygen master packs with oxygen
scavengers bloomed, showing higher a* values (redness).
CIE a* and b* values were affected by presence of oxygen scavenger, storage time, and
display time, as well as their interactions (p<0.0001). Except for the interaction among oxygen
scavenger, storage time, and display time in b* value (p=0.0859). As reported in Table 5-3,
having an oxygen scavenger, either FreshPax® or Ageless®, increased a* and b* values
compared to master packs that did not have an oxygen scavenger (p<0.0001). This finding
indicates that having an oxygen scavenger throughout storage improved meat color stability.
Studies have shown how in the absence of oxygen scavengers or a mechanism to reduce residual
oxygen levels, meat discolors during low oxygen storage (Buys et al., 1994; Isdell et al., 1999;
Limbo et al., 2013; O’Keeffe & Hood, 1980). In general, as storage time in master packs
increased, a* values decreased (p<0.05) (Table 5-3). However, it is shown in Figure 5-4 that
depending on the presence of oxygen scavengers in master packs, ground beef a* values
decreased at different rates during storage (p<0.05). In the case of b* values, having master packs
stored for 14, 21, or 28 days did not produce any significant difference (p>0.05). However, b*
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values were significantly lower in meat from master packs in those storage times compared to 0
days in storage (p<0.0001) (Table 5-3).
Figure 5-4 shows that as display time increased, a* value decreased (p<0.0001). In most
cases, except for a* values of ground beef stored with FreshPax® and displayed for 4 days
(p=0.3818), ground beef without oxygen scavengers reached lower a* values during display
compared to ground beef that was master packed with an oxygen scavenger (p<0.0001) (data not
shown). This finding emphasizes the necessity of using oxygen scavengers to increase meat color
shelf life. Similarly, Isdell et al. (1999) showed that master packed beef steaks without oxygen
scavengers presented constant low a* values during meat display. On the other hand, due to the
presence of oxygen scavengers during master pack storage for up to 6 weeks, a* values at the
beginning of display started high and decreased during the subsequent 4 days of display. It is
important to point out that the increase in a* value after 28 days of storage in ground beef that
was master packed without oxygen scavengers (p<0.05) happened as a result of reducing
conditions present in the package (Figure 5-4). Even though microbial analyses were not
performed, an increase in aerobic bacteria could decrease oxygen tension at the meat surface,
causing the observed color changes (Renerre, 1990; Seideman et al., 1984).
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Table 5-3. Main effect of oxygen scavengers and storage time over a* value and b* value of meat
previously stored in master packse and displayedf in a retail package for up to 4 days.
Source of Variation

a* value
Mean
SEMi

b* value
Mean
SEM

Oxygen Scavengerg
FreshPax®
24.17a
0.15
16.53a
0.15
a
a
Ageless®
24.25
16.60
None
16.94b
15.28b
Storage Timeh
0 days
27.16a
0.17
17.87a
0.17
b
b
14 days
21.69
15.89
c
21 days
19.56
15.48b
d
28 days
18.75
15.30b
a-d
Means within the same factor without a common letter are significantly different (p<0.05).
e
Data from master packs with 20%CO2/80%N2 and 30%CO2/70%N2 was used.
f
Retail packages were placed in a retail display case at 4 ± 1°C and kept under continuous
fluorescent lighting.
g
One FreshPax®, one Ageless®, or no oxygen scavenger was added in the master pack.
h
Master packs were stored in the dark at 0.5 ± 0.5°C.
i
Standard Error of the Mean

Figure 5-4. Redness (a* value) of master packed ground beef without or with one oxygen scavenger
(Ageless® or FreshPax®) stored for up to 28 days and displayed for up to 4 days.
A-B
Means within the same storage time and display time without a common letter are
significantly different (p<0.05). a-c Means within the same display time and oxygen scavenger
without a common letter are significantly different (p<0.05). SEM is 0.81.
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Myoglobin Forms
Oxymyoglobin, deoxymyoglobin, and metmyoglobin concentrations were not affected by
different headspace gases in the master packs (p=0.9393, p=0.5358, and p=0.5381, respectively).
The use of oxygen scavengers, storage time, display time, and their interactions had significant
effects on oxymyoglobin and metmyoglobin concentrations (p<0.0001), but not on
deoxymyoglobin concentration (p>0.05). However, display time interactions were significant for
deoxymyoglobin (p<0.01). The use of oxygen scavengers helped to maintain myoglobin in its
reduced state i.e. deoxymyoglobin during storage. This reduced state allowed ground beef to
bloom, increasing its oxymyoglobin (p<0.0001) and decreasing its deoxymyoglobin
concentration after exposure to air (p<0.0001) (data not shown). As seen in chapter 4,
metmyoglobin does not change after meat blooms (p=0.0805).
Figure 5-5 shows the interaction between storage time and oxygen scavengers in ground
beef after 1 hour bloom. In ground beef that was master packed without oxygen scavengers,
oxymyoglobin decreased and metmyoglobin increased, as storage time increased (p<0.05). In
contrast, the use of oxygen scavengers maintained high oxymyoglobin levels and metmyoglobin
levels close to zero during master pack storage. As expected, ground beef in master packs with
low levels of oxygen i.e. no oxygen scavenger exhibited meat pigment oxidation making the use
of this type of package not feasible. This finding is in agreement with Beggan et al. (2006) who
concluded that the addition of oxygen scavengers reduced metmyoglobin formation in beef steaks
compared to packages that did not contain an oxygen scavenger. In that study, metmyoglobin
concentration was significantly higher in packages without oxygen scavengers after 7 days of
storage. Venturini et al. (2006) also found that the use of oxygen scavengers in master packed
beef steaks resulted in decreased pigment oxidation. In their study, a desirable ratio of
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oxymyoglblin to metmyoglobin was maintained in master packs with oxygen scavenger for up to
42 days of storage.
As shown in Figure 5-6, as display time increased, oxymyoglobin decreased (p<0.0001).
The decrease in oxymyoglobin was related to an increase in metmyoglobin during display
(p<0.0001) (data not shown). Still, the addition of an oxygen scavenger shows a clear advantage
in color during display, when compared to master packs that did not have an oxygen scavenger.
Oxymyoglobin concentration during display remained above 60% in ground beef that was master
packed with oxygen scavengers for up to 28 days and displayed for up to 2 days (Figure 5-6). It is
important to emphasize that both oxygen scavengers, Ageless® and FreshPax®, effectively
reduced oxygen levels to a point where meat color stability was improved.

Figure 5-5. Percentage of myoglobin forms of master packed ground beef after 1-hour bloom
without or with one oxygen scavenger (Ageless® or FreshPax®) over storage time.
a-f
Means within the same myoglobin form without a common letter are significantly different
(p<0.50). SEM are 1.60 for oxymyoglobin, 1.46 for deoxymyoglobin, and 0.84 for
metmyoglobin.
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Figure 5-6. Percent oxymyoglobin of master packed ground beef without or with one oxygen
scavenger (Ageless® or FreshPax®) stored for up to 28 days and displayed for up to 4 days.
A-B
Means within the same storage time and display time without a common letter are
significantly different (p<0.05). a-d Means within the same display time and oxygen scavenger
without a common letter are significantly different (p<0.05). SEM is 3.50.

Conclusion
The results of this experiment corroborate findings, reported in chapter 4, demonstrating
that oxygen scavengers reduce both oxygen and carbon dioxide concentrations and increase
carbon monoxide concentration in the master pack headspace. It is important to emphasize that
carbon monoxide production by oxygen scavengers has not been published in the literature. From
the oxygen scavengers used, FreshPax® resulted in higher carbon monoxide concentrations. In
the case of Ageless®, carbon monoxide was only produced in the presence of ground beef. This
significant meat and oxygen scavenger interaction needs to be further investigated. In addition,
having an initial higher carbon dioxide concentration in the headspace gas mixture of master
packs resulted in greater carbon monoxide production. Results suggest that oxygen and carbon
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dioxide absorption capacities of oxygen scavengers are important factors involved in the
mechanisms of carbon monoxide production.
Color analysis clearly shows the advantage of using oxygen scavengers in the master
packs of ground beef. Even though there were changes in gas concentrations between the two
oxygen scavengers used, there were no color differences. An oxygen concentration of 3.79% O2
during master pack storage (without oxygen scavenger) was enough to make ground beef
unsuitable for display after 14 days of storage. In contrast, master packed ground beef stored for
up to 28 days with an oxygen scavenger and displayed for 2 days produced an oxymyoglobin
concentration over 60%. Maintaining oxygen concentration below 0.05% in the master pack
headspace gas is important to limit formation of metmyoglobin. This reduction can be achieved
by the use of oxygen scavengers. However, changes in headspace carbon dioxide and carbon
monoxide concentrations, as well as the conditions of the master pack, need to be considered
when choosing the appropriate oxygen scavenger.
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Chapter 6
Effect of oxygen scavenger and/or carbon monoxide on headspace gas, color,
and microbial counts of master packed ground beef

Abstract
The effect of storage time, display time, and the use of carbon monoxide and/or oxygen
scavengers in master packed ground beef was investigated in terms of headspace gas, color, pH,
and microbial changes. Master packed samples were stored at 0.5°C for up to 21 days in 30%
CO2/70% N2 or 0.4% CO/30% CO2/69.6% N2 then displayed at 4°C for up to 4 days. Oxygen
scavengers effectively reduced oxygen levels below 0.1%. However, carbon dioxide absorption
and carbon monoxide production were also found. Carbon monoxide concentration increased to
0.16% after 21 days of storage in a CO-free initial atmosphere (p<0.05). When oxygen
scavengers were used in combination with CO in master packs, meat redness (a* values and
browning index) was maintained for up to 21 days of storage and 2 days of display (p>0.05).
Lactic acid bacteria counts did not change with the package system (p>0.05). However,
psychotrophic bacteria counts were higher after 14 and 21 days of storage when oxygen
scavengers were not present (p<0.05). In addition, the small difference between aerobic and
anaerobic counts suggests that facultative anaerobes predominated. Even though the use of
oxygen scavengers in combination with CO in master packed ground beef showed a considerable
advantage, increased CO level caused by oxygen scavengers needs to be taken into account.
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Introduction
Master packs, as an economical centralized packaging system, have increased in
popularity (Jeyamkondan et al., 2000; Tewari et al., 1999). Consumer concern about the use of
carbon monoxide in modified atmosphere packaging (MAP) (Grebitus et al., 2013; Sun & Holley,
2012; Wilkinson et al., 2006) has lead processors to use master packs. The master pack system
provides consumers with a familiar overwrap package during display while extending shelf life
through modified atmospheres during storage.
The master pack system involves packaging meat in individual high-permeable packages
that are multi-packed in an impermeable bag filled with a modified atmosphere gas. The purpose
of the gas mixture is to maintain meat quality characteristics during storage and distribution until
case-ready packages are unpacked and allowed to bloom in air, prior to retail display. After
blooming, meat on display should present a typical cherry-red color caused by the presence of
oxymyoglobin that is obtained due to the permeability of the primary package to oxygen
(Jeyamkondan et al., 2000; Kennedy et al., 2005; Limbo et al., 2013). In the master pack, low
oxygen atmospheres are used to avoid oxidation reactions (Jayasingh et al., 2002; Kim et al.,
2010), as well as to control the growth of aerobic spoilage bacteria (Sørheim et al., 1999). In
addition, headspace atmospheres usually include carbon dioxide to suppress microbial growth
(Kennedy et al., 2005; Martínez et al., 2005; Tewari et al., 1999), allowing fresh meat to be stored
for longer periods of time (Wilkinson et al., 2006). Some of the proposed mechanisms by which
carbon dioxide has an inhibitory effect on microbial growth are changes in microbial cell
membrane permeability, substitution of oxygen, decrease in pH when carbonic acid is formed,
and changes in cell proteins that will ultimately affect microbial enzyme activity (Dixon & Kell,
1989; Jeyamkondan et al., 2000; Zhao et al., 1994). Silliker et al. (1977) showed that carbon
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dioxide has a bacteriostatic effect during storage and a residual antibacterial effect even after
meat is exposed to air.
One of the challenges of using low oxygen atmospheres is the presence of residual
oxygen in the package headspace gas that can trigger meat discoloration (Gill & McGinnis,
1995a; Sørheim et al., 2009; Venturini et al., 2006). To reduce and maintain ultra-low oxygen
levels in the headspace gas, oxygen scavengers are frequently needed (Gill & McGinnis, 1995b;
Jeyamkondan et al., 2000; Limbo et al., 2013; Tewari, Jeremiah, et al., 2002). In addition, carbon
monoxide is often added in the package gas mixture to maintain a desirable red color due to
formation of carboxymyoglobin pigment (Grebitus et al., 2013). Since 2002, carbon monoxide in
low concentrations (maximum 0.4%) has been approved to be used as Generally Recognized as
Safe (GRAS) in fresh meat master pack systems in the U.S. by the Food and Drug Administration
(Burrows & Brougher, 2008; FDA, 2002).
Even though various studies have shown the color advantage of using carbon monoxide
in the packages’ gas mixture (De Santos et al., 2007; Jeong & Claus, 2010, 2011; John et al.,
2005; Sørheim et al., 1999; Wilkinson et al., 2006), this study seeks to investigate the possible
benefit of combining carbon monoxide with an oxygen scavenger in master packs. In addition,
the newly found carbon monoxide production in the presence of oxygen scavengers (chapters 4
and 5) could lead to excess CO when it is part of the initial package gas mixture. Therefore, in
order to investigate this question, a comparison among master packs, with and without 0.4%
carbon monoxide, and with and without an oxygen scavenger, is made in terms of headspace gas
concentrations (O2, CO2, and CO), color stability, pH, and microbial growth.
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Materials and Methods

Packaging
Ground beef, of approximately 18% fat, was obtained from the Pennsylvania State
University Meats Lab. Percent fat was determined by the modified Babcock method (Sebranek et
al., 1989). Meat was portioned into 150g ± 1g, placed on polystyrene trays (Bunzl Kock Supplies,
N. Kansas City, MO) and overwrapped with a PVC oxygen permeable stretch film PMS 15
(Prime Source, St. Louis, MO) (OTR 16639 cc/m2/24h at 23°C). Each of these overwrap
packages was master packed in a rigid high barrier multilayer PP/PB with EVOH tray (OTR
0.1cc to 1cc/tray/24h at 23°C and 0% RH) (Coextruded Plastic Technologies, Inc., Edgerton, WI)
filled with a gas mixture of 70% N2/30% CO2 (N2/CO2) or 69.6% N2/30% CO2/0.4 CO
(CO/N2/CO2) and lidded with a 2.4 mil high barrier film HB-60 (OTR 3.1 cc/m2/24h at 23°C and
0% RH) (Ultravac Solutions LLC, Kansas City, MO) using a Rhino 4 tray sealer (UltraSource
LLC, Kansas City, MO). As presented in Figure 6-1, designated master packs included one
Ageless® SR-BC oxygen scavenger packet (Mitsubishi Gas Chemical America, Inc., New York,
NY). Packages without ground beef, but under the different treatments, were included in the
study to account for changes in gas concentrations and film deflation. Samples were packaged in
duplicate for each package type.

Experimental Plan
The study was performed to evaluate the effects of the addition of carbon monoxide
and/or oxygen scavengers in master packs during several storage and display times on package
and meat characteristics. Master packs were stored in the dark at 0.5 ± 0.5°C for 0, 7, 14, or 21
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days. At the end of each storage time, headspace gas concentrations (Pac Check 333, Mocon Inc.,
Minneapolis, MN) and film deflation were measured. The overwrap package was removed from
the master pack and ground beef color was measured immediately and after 1 hour of bloom time
in the dark at 0.5°C. Overwrapped packages were displayed in an open top, illuminated retail
display case at 4 ± 1°C and kept under continuous fluorescent lighting F40SP35-ECO (3500 K,
40W) (General Electric, East Cleveland, OH) for 0, 2 or 4 days. Storage and display temperatures
were chosen based on commonly used settings across studies with master packs.

Ground beef

Overwrap Package

Master Pack

A) 30% CO2/70% N2 + oxygen scavenger + ground beef
B) 30% CO2/0.4% CO/ 69.6% N2 + ground beef
C) 30% CO2/0.4% CO/69.6% N2 + oxygen scavenger + ground beef
The following package conditions were used to determine gas
exchange, no color analysis or microbial counts were performed.
D) 30% CO2/70% N2 + ground beef
E) 30% CO2/70% N2 + oxygen scavenger
F) 30% CO2/70% N2 (empty)
G) 30% CO2/0.4% CO/69.6% N2 + oxygen scavenger
H) 30% CO2/0.4% CO/ 69.6% N2 (empty)

Storage Time

0, 7, 14, or 21 days

Display Time

0, 2, or 4 days

Figure 6-1. Experimental design

Film deflation
Film deflation in master packed products represents a decrease in gas volume in the
package. For rigid trays used in this research, film deflation is observed as the lidding film
changes from flat to concave. Data for film deflation were collected for each master pack as
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described in Rotabakk et al. (2006). Film deflation was measured using a straight edge and a
caliper. The top of the trays were considered as the reference plane from which the distance to the
film was obtained. Measurements were taken in triplicate at the center of the tray.

Gas concentration
Headspace gas concentration (O2, CO2, and CO) of master packs at the end of their
selected storage time was analyzed using a gas analyzer (Pac Check Model 333, Mocon Inc.,
Minneapolis, MN). A foam rubber septum was applied over the cover film of the master pack to
avoid headspace gas leakage. A syringe was inserted through the septum into the package
headspace gas where an aliquot was collected and analyzed.

Color
Color, reported as CIE L*a*b* values, was evaluated on each overwrap package using a
reflected color measurement spectrophotometer (MiniScan EZ, HunterLab, Reston, Virginia,
USA) with an 8mm view area, 2° observer, and illuminant A. The spectrophotometer was
standardized using a white ceramic tile covered by the same PVC overwrap film used in the
overwrap package. Measurements were taken in three different positions of each sample of
ground beef, immediately and 1 hour, 2 d and 4 d after opening master packs to allow meat to
bloom.
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Browning index
Since carboxymyoglobin was expected to be found in meat as a result of having carbon
monoxide in the initial headspace gas of master packs, a browning index (BI) (Suman, Mancini,
& Faustman, 2006) was used due to limitations using reflectance data to estimate
carboxymyoglobin (AMSA, 2012). The BI estimates the relative proportion of brown color
formation i.e. metmyoglobin in meat that has been exposed to carbon monoxide in situations
where both carboxymyoglobin and oxymyoglobin are present (Suman et al., 2006). For this,
reflectance data at 400 to 700nm were obtained at the same time as color data with a color
measurement spectrophotometer (MiniScan EZ, HunterLab, Reston, Virginia, USA) with an 8mm
view area, 2° observer, and illuminant A. Three readings were taken at different locations on each
package of ground beef. Absorbance (A) at 503nm and 581nm were calculated using reflectance
values (R) through the formula A = 2 – log R (Ramanathan, Mancini, Naveena, & Konda, 2010).
Finally, BI was calculated as the ratio of A503/A581.

pH
Ten grams of homogenized samples were used in 90ml of distilled water to measure pH
using a pH meter (Oyster, Extech Instruments, Nashua, NH, USA).

Microbial analyses
To account for the different bacteria that can grow during the markedly dissimilar stages
of master pack storage, a series of microbiological analyses were performed. Each master packed
ground beef sample was aseptically removed and mixed in a sterile bag from where two, 25g
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samples of ground beef were aseptically removed and placed in sterile BagFilter® stomacher
bags (Interscience, Saint Nom, France). Samples were homogenized in a Stomacher® 400
Circulator (Seward Ltd., Worthing, West Sussex, UK) for two minutes at 230 rpm with 225ml of
buffered peptone water (HiMedia Laboratories LLC, Mumbai, India) for aerobic count plates,
anaerobic count plates, and coliforms/E. coli or with 225ml of MRS broth (Becton, Dickinson
and Company, Franklin Lakes, NJ, USA) for lactic acid bacteria. Serial dilutions were prepared in
BPW and MRS broth, respectively, and plated in duplicate. For mesophilic aerobic plate counts
(APC) each dilution was plated using 3M™ Petrifilm™ Aerobic Count Plates (3M Microbiology
Products, St. Paul, MN, USA) and incubated at 35°C for 48 hours under aerobic conditions.
Psychrotrophic aerobic plate counts were assessed using 3M™ Petrifilm™ Aerobic Count Plates
(3M Microbiology Products, St. Paul, MN, USA) and incubated at 7°C for 10 days under aerobic
conditions. Anaerobic plate counts (ANPC) were assessed using 3M™ Petrifilm™ Aerobic
Count Plates (3M Microbiology Products, St. Paul, MN, USA) and incubated at 35°C for 48
hours under anaerobic conditions using a CO2 incubator (Napco Inc., Thermo Electron
Corporation, Terryville, CT, USA). To measure total coliforms (TCC), dilutions were plated in
3M™ Petrifilm™ E. coli/Coliform Count Plates (3M Microbiology Products, St. Paul, MN,
USA) and incubated at 35°C for 24 hours under aerobic conditions. Lactic acid bacteria (LAB)
were assessed using 3M™ Petrifilm™ Aerobic Count Plates (3M Microbiology Products, St.
Paul, MN, USA) and incubated at 35°C for 48 hours under anaerobic conditions using a CO2
incubator (Napco Inc., Thermo Electron Corporation, Terryville, CT, USA). A 3M™ Petrifilm ™
Plate Reader (3M Microbiology Products, St. Paul, MN, USA) was used to automatically count
and record results of each 3M™ Petrifilm™ plate. Mean bacteria counts were determined and
counts were expressed as log10 of colony forming units (CFU) per gram of ground beef. Analyses
were based on methods from the Compendium of Methods for the Microbiological Examination
of Foods (Downes & Ito, 2001).
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Statistical Analysis
Statistical analyses were conducted using Minitab® 16.2.4 software (Minitab, Inc., State
College, Pennsylvania, USA). Package characteristics results were analyzed using an ANOVA
factorial design with headspace gas, storage time, and presence/absence of oxygen scavenger and
ground beef as factors. Color and microbial results were analyzed with a multi-way ANOVA
performed using General Lineal Model (GLM) having as factors package system (carbon
monoxide and/or oxygen scavenger), storage time, and display time. The effect of blooming on
ground beef color and myoglobin forms was shown though serial repeated measures using the
mixed procedure of SAS® statistical analysis software (SAS Institute Inc., Cary, North Carolina,
USA). Effects were considered significant at p<0.05. When statistical analyses indicated
significant differences among treatment, means Tukey Means Separation Test was used to discern
the significant differences (p<0.05). A total of 112 samples were used for the study. Package
systems A, B, and C each had 24 packages and package systems D, E, F, G, H had 8 packages
each.

Results and Discussion

Film deflation
The addition of carbon monoxide to the headspace gas had a small, but non-significant
effect on master pack film deflation (p=0.053). However, storage time, package component, and
their interaction had significant effects (p=0.000). As shown in Figure 6-2, film deflation of
master packs significantly decreased after 7 days of storage (p<0.05), but remained unchanged
throughout the rest of the storage (p>0.05). Film deflation has been associated with changes in
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carbon dioxide concentration in the headspace of packages (Al-Nehlawi et al., 2013; Rotabakk et
al., 2006; Sivertsvik, 2007). Therefore, the decrease in carbon dioxide concentrations during
storage shown in Figure 6-4 can be related to the increase in film deflation presented in Figure 62. Having an oxygen scavenger and ground beef in the master pack resulted in greater film
deflation compared to master packs with just one of those components (p<0.05). Master packs
with only scavengers or with ground beef had similar film deflation (p>0.05), except after 21
days of storage where film deflation in master packs with oxygen scavenger was greater (p<0.05).
These results corroborate previous findings presented in chapters 4 and 5 where oxygen
scavengers contributed significantly to film deflation. In addition, during most of the master pack
storage, empty packages resulted in lower film deflation (p<0.05). A significant increase in film
deflation in empty packages was only found after 21 days of storage, showing that the package
had good gas barrier properties.

Figure 6-2. Film deflation of master packs over storage time in the presence/absence of oxygen
scavengers and ground beef.
Total film deflation refers to master packed ground beef with one oxygen scavenger. A-C Means
within the same storage time without a common letter are significantly different (p<0.05). a-b
Means within the same package component without a common letter are significantly different
(p<0.05). SEM is 0.43.
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Gas concentrations
Adding carbon monoxide in the headspace gas did not affect its oxygen concentration
(p=0.304). However, storage time and package component have a significant effect (p=0.000) on
oxygen. Oxygen concentrations were significantly higher after 7 days of storage compared to
days 0 and 21 (p<0.05) and comparable to 14 days of storage (p>0.05) (Table 6-1). The increased
oxygen concentration after 7 days of storage is a result of higher concentration in master packs
that only contained ground beef, reaching 1.69% (Figure 6-3). As explained by Al-Nehlawi et al.
(2013), an increase in oxygen concentration the first days of storage is a result of solubility of
carbon dioxide in meat, which decreases CO2 molar concentration in the headspace gas of the
package, increasing oxygen percentages. In addition, entrapped oxygen in the overwrap tray
headspace or in the tray matrix in cases where polystyrene foam trays are used could increase
oxygen concentrations in master packs (Limbo et al., 2013; Tewari, Jeremiah, et al., 2002;
Venturini et al., 2006, 2014). Subsequent oxygen concentration reduction could be caused by
microbial metabolism and muscle respiration (Tasic̈ et al., 2014).
The addition of an oxygen scavenger kept oxygen levels in the master pack headspace
below 0.1% during the entire storage time (Figure 6-3). In fact, these concentrations were
significantly lower compared to oxygen concentration in master packs that only had ground beef
(p<0.05) (Table 6-1). Similar results, where oxygen scavengers effectively reduced oxygen
concentrations, have been presented in the literature (Isdell et al., 1999; Limbo et al., 2013;
Venturini et al., 2010, 2006).
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Table 6-1. Effect of storage time and package component on oxygen concentration in master packs.
Source of Variation

N

% O2

SEM

12

0.34b

0.034

7 days

12

0.59

a

14 days

12

0.46ab

21 days

12

0.20c

Totale

16

0.13b

Scavenger

16

0.11b

Meat

16

0.94a

Storage Timed
0 days

Package component
0.030

a-c

Means within the same source of variation without a common letter are significantly different
(p<0.05).
d
Master packs were stored in the dark at 0.5 ± 0.5°C.
e
Total refers to master packed ground beef with an oxygen scavenger.

Figure 6-3. Oxygen concentration in the atmosphere of master packs over storage time with one
oxygen scavenger only, with ground beef only, or with one oxygen scavenger and ground beef
(Total).
A-B
Means within the same storage time without a common letter are significantly different
(p<0.05). SEM is 0.059.
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Carbon dioxide concentrations were affected by headspace gas, storage time, and
package component (p=0.030, p=0.000, p=0.000, respectively). As shown in Table 6-2, the
addition of carbon monoxide to the headspace gas resulted in a lower carbon dioxide
concentration (p<0.05). However, this difference is too small to have a practical significance. As
shown in previous chapters, as storage time increases, carbon dioxide concentration decreases
(p<0.05) (Table 6-2). In addition, having ground beef or an oxygen scavenger significantly
reduced its concentration in an additive fashion (p<0.05) (Table 6-2). Carbon dioxide absorption
by oxygen scavengers results from a carbonatation reaction with iron hydroxide as described by
Charles et al. (2006). Figure 6-4 shows that after 7 days of storage, carbon dioxide in master
packs only containing ground beef reached equilibrium. It has been well documented that carbon
dioxide in the headspace gas reaches equilibrium with meat during the first days of storage (AlNehlawi et al., 2013; Jakobsen & Bertelsen, 2002b; Møller et al., 2000; Penney & Bell, 1993;
Rotabakk et al., 2006). On the other hand, oxygen scavengers continued to reduce carbon dioxide
concentration as storage time increased (p<0.05). The same trend was seen in total carbon
dioxide, further indicating that oxygen scavenger is the package component responsible for this
continued decrease.

119
Table 6-2. Effect of headspace gas, storage time, and package component on carbon dioxide
concentration in master packs.
Source of Variation

N

% CO2

SEM

N2/CO2

32

22.59a

0.11

CO/N2/CO2

32

22.23b

16

28.44a

7 days

16

22.15

b

14 days

16

20.00c

21 days

16

19.05d

Totalf

16

13.51c

Scavenger

16

23.95b

Meat

16

24.30b

Empty

16

27.88a

Headspace Gas

Storage Timee
0 days

0.16

Package component

a-d

0.16

Means within the same category without a common letter are significantly different (p<0.05).
Master packs were stored in the dark at 0.5 ± 0.5°C.
f
Total refers to master packed ground beef with an oxygen scavenger.
e
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Figure 6-4. Carbon dioxide concentration in the atmosphere of master packs over storage time in
the presence/absence of oxygen scavengers and ground beef.
Total % carbon dioxide refers to master packed ground beef with one oxygen scavenger. A-D
Means within the same storage time without a common letter are significantly different (p<0.05).
a-d
Means within the same package component without a common letter are significantly different
(p<0.05). SEM is 0.45.

Since the only difference between the two initial headspace gases used in the master
packs was the presence of carbon monoxide, it was expected that carbon monoxide
concentrations were significantly different (p=0.000). For this reason, effect of storage time and
package component on carbon monoxide concentrations were analyzed within each master pack
headspace gas (Figure 6-5). Storage time, package component and their interaction had
significant effects on CO concentration for N2/CO2 master packs (p=0.000). In the case of
CO/N2/CO2 master packs, storage time was not significant (p=0.523), but package component
(p=0.000) and their interaction (p=0.038) affected carbon monoxide concentrations. In N2/CO2
master packs, carbon monoxide concentration was significantly increased after 14 days of storage
in the headspace of master packs with ground beef and one oxygen scavenger (p<0.05) (Figure 65). This finding demonstrates that there is cooperation between oxygen scavengers and ground
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beef for carbon monoxide to be produced corroborating results presented in chapter 5. The
possible mechanism by which carbon monoxide is produced by oxygen scavengers need to be
further elucidated.
Figure 6-5 also shows that significant differences in CO for the CO/N2/CO2 treatment
were detectable only after 21 days of storage. Master packs with ground beef and oxygen
scavenger (Total) had higher carbon monoxide concentration in their headspace gas compared to
empty master packs or master packs with only ground beef (p<0.05). Carbon monoxide binds to
meat myoglobin, resulting in carboxymyoglobin (Mancini & Hunt, 2005) leading to the reduced
concentration found in the headspace gas. However, their carbon monoxide concentration was
equally high as the concentration found in master packs with only oxygen scavengers (p>0.05).
Concern can be raised if carbon monoxide concentrations in packages with oxygen scavengers go
above that approved by FDA (upper limit of 0.4% for fresh meat master pack systems in the US)
(Burrows & Brougher, 2008; FDA, 2002). Nonetheless, it is important to mention that as shown
in this study, CO concentrations in master packs without initial carbon monoxide added to the
headspace gas mixture is unlikely to reach the maximum levels allowed. In the case of master
packs with carbon monoxide added, carbon monoxide levels can go over 0.4% (Figure 6-5).
However, higher concentrations were only found significant at 21 days of master pack storage.
Therefore, caution must be taken if meat is master packed under these conditions for more than
21 days. Considering that several master pack studies report storage lives of up to 21 days
(Beggan et al., 2005; Buys et al., 1994; Buys, 2004; Gill, McGinnis, & Tong, 1994; John et al.,
2005; Kennedy et al., 2005; Limbo et al., 2013; Scholtz, Jordaan, Krüger, Nortjé, & Naudé,
1992), it is expected that an increase in carbon monoxide may occur in current industry
operations.
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I)

II)

Figure 6-5. Carbon monoxide concentration in the atmosphere of I) N2/CO2 and II) CO/N2/CO2
master packs over storage time in the presence/absence of oxygen scavengers and ground beef.
Total % carbon dioxide refers to master packed ground beef with one oxygen scavenger. A-B
Means within the same storage time without a common letter are significantly different (p<0.05).
a-b
Means within the same package component without a common letter are significantly different
(p<0.05). SEM of N2/CO2 is 0.0048 and 0.028 of CO/N2/CO2.

Color
CIE L* value was not affected by package system (p=0.426). However, storage time and
display time, as well as their interaction, had a significant effects (p=0.015, p=0.001, p=0.033,
respectively). As shown in Table 6-3, L* value increased with storage time, but decreased as
display time increased (p<0.05). L* values were affected by bloom (p=0.0079). However, the
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significant interaction between package system and bloom shows that only in N2/CO2 + O2
scavenger master packed ground beef L* values increased after bloom (p=0.0059) (data not
shown).
CIE a* (redness) values were affected by bloom (p=0.0006). In N2/CO2 + O2 scavenger
master packed ground beef, a* values increased from 24.61 before bloom to 30.03 after air
exposure (p<0.0001). Bloom had little effect on a* value in master packs containing CO since CO
forms a stable red carboxymyoglobin pigment throughout meat storage (Brooks et al., 2008; John
et al., 2004). In addition, package type (p=0.000), storage time (p=0.002), display time (p=0.000),
and their interactions (p<0.03) were significant for a* value. Interestingly, as storage time
increased a* values increased (p<0.05) (Table 6-3). This finding can be explained by the decrease
in mitochondrial activity as storage time increases. The reduced uptake of oxygen, i.e. decrease
OCR by meat, will make oxygen more available for myoglobin oxygenation, thereby increasing
its redox stability (O’Keeffe & Hood, 1980). In addition, increase in CIE a* values could be seen
when there is a high aerobic microbial growth since oxygen availability in meat could be reduced,
resulting in mostly deoxymyoglobin (Jeong & Claus, 2010). This observation is shown by the
correlation in higher psychothrophic bacteria (Figure 6-10) and the higher a* values in
CO/N2/CO2 master packed ground beef after 14 and 21 days of storage and 4 days of display
(Figure 6-6).
As shown in Table 6-3, there is a color advantage when having, at the same time, carbon
monoxide and an oxygen scavenger. According to the results in a* values, ground beef can be
effectively master packed in CO/N2/CO2 + O2 scavenger for up to 21 days and displayed for up to
2 days without compromising redness (a* values). John et al. (2005) stored beef steaks for up to
21 days in various atmospheres, including 0.4% CO. The CO treatment maintained a* values for
up to 14 days, but resulted in lower a* values when stored for 21 days; even though, color was
still desirable according to panel scores. The slight difference with our results could be due to the
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lack of oxygen scavengers as well as a higher storage temperature of 2°C in their study.
Wilkinson et al. (2006) studied master packed fresh pork under a 0.4% CO/ 80% CO2/ 19.6% N2
or a 100% CO2 atmosphere. They found that during the 8 weeks of storage, a carbon monoxide
atmosphere resulted in a more intense red color in pork that was allowed to bloom. In the current
study, package systems after 1 hour bloom had comparable a* values (p>0.05) (Figure 6-6). The
lack of significant differences between master packs with and without carbon monoxide after
bloom is most likely caused by the use of oxygen scavengers that protected meat color stability in
N2/CO2 master packs.
Master packed ground beef with CO in the headspace appears to have a better color,
higher a* values (Table 6-3). However, examining the storage time and display time interaction
reveals a more complex relationship (Figure 6-6). As stated before, on day 0 of display master
packs have similar a* values (p>0.05). After overwraps have been exposed to air during display
differences become apparent (p<0.05) (Figure 6-6). Jeong and Claus (2010) showed that
carboxymyoglobin formed in ground beef through 0.4% CO exposure for up to 6 days was
progressively lost during 72 hours of display in aerobic conditions. In our study, 2 days of aerobic
display of CO/N2/CO2 master packed ground beef resulted in decreased in a* values as well
(p<0.05). However, a* values after 4 days of display remained the same (p>0.05). In the other
two master pack systems a* values decreased as display time increased (p<0.05). However,
CO/N2/CO2 + O2 scavenger master packed ground beef showed a clear advantage with respect to
meat redness (Figure 6-6).
As with CIE L* and a* values, b* values increased after bloom only in N2/CO2 + O2
scavenger master packed ground beef (p<0.0001) (data not shown). CIE b* values were not
affected by storage time (p=0.518). However, package system and display time had significant
effects (p=0.000). As presented in Table 6-3, CO/N2/CO2 + O2 scavenger master packed ground
beef presented higher b* values (p<0.05). In addition, as display time increased b* values
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decreased (p<0.05). Images showing ground beef overwraps from all treatments are shown in
Appendix B.
Table 6-3. Effect of package system, storage time, and display time on CIE L*a*b* values.
Source of Variation

N

L*

SEM

a*

SEM

b*

SEM

N2/CO2 + O2 scavenger

24

55.87

0.26

21.14c

0.31

16.25b

0.32

CO/N2/CO2

24

55.73

23.15b

16.15b

CO/N2/CO2 + O2 scavenger

24

56.20

25.03a

17.94a

0 days

18

55.58b

7 days

18

55.39b

22.68bc

16.57

14 days

18

56.73

a

a

17.26

21 days

18

56.02ab

23.59ab

16.72

24

56.80a

2 days

24

55.60

b

4 days

24

55.40b

Package System

Storage Timed

Display Time

22.08c
24.07

0.36

16.59

0.37

e

0 days

a-c

0.30

0.26

32.52a
22.30

b

14.49c

0.31

19.05a
16.66

0.32

b

14.64c

Means within the same category without a common letter are significantly different (p<0.05).
Master packs were stored in the dark at 0.5 ± 0.5°C.
e
Overwrapped packages were displayed at 4 ± 1°C and kept under continuous fluorescent
lighting.
d
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Figure 6-6. CIE a* value (redness) of master packed ground beef with or without carbon monoxide
and an oxygen scavenger over storage and display time.
A-D
Means within the same storage time without a common letter are significantly different
(p<0.05). SEM is 1.08.

Browning Index
Browning index (BI) can be used as an indirect measurement of metmyoglobin formation
in cases where carboxymyoglobin and/or oxymyoglobin are present (Suman et al. 2006). Higher
numbers of this index will indicate a higher relative proportion of brown color formation. When
comparing results for browning index in master packed ground beef, storage time did not have an
effect (p=0.655), while package system (p=0.001) and display time (p=0.000) effects were
significant. In addition, all second and third level interactions with display time were significant
(p=0.000). Figure 6-7 shows the interaction among package system, storage time, and display
time. Up to 7 days of storage, there is not a significant difference in pigment oxidation among the
different package systems at the same display day (p>0.05). Differences among package systems
developed during display after 14 and 21 days of master pack storage (p<0.05). The lower BI, in
combination with images shown in Appendix B, demonstrate that initial display color after all
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storage times was a desirable red for meat from all package systems. Similarly, Hunt et al. (2004)
showed that packages with 0.4% CO and an oxygen scavenger preserved beef steaks and ground
beef cherry-red color for up to 35 days of storage.
As expected, based on a* values, BI after 14 and 21 days of storage was lower in ground
beef that was master packed with oxygen scavengers and displayed for 2 days and higher after 14
days of storage and 4 days of display compared to CO/N2/CO2 master packed ground beef
(p<0.05). As explained above, the decrease in BI can be a result of reducing conditions created by
increased microbial growth (Figure 6-10). From the results shown in Figure 6-7, adding carbon
monoxide to the headspace gas of master packs does not present a clear benefit. However, the
addition of oxygen scavengers does. The advantage shown in master packs with oxygen
scavengers, as mentioned in previous chapters, relies on having a mechanism that can reduce and
maintain oxygen levels below 0.1% (Figure 6-3) to avoid myoglobin oxidation (O’Keeffe &
Hood, 1980; Sørheim et al., 2009; Venturini et al., 2006).

Figure 6-7. Browning index of master packed ground beef with or without carbon monoxide and
an oxygen scavenger over storage and display time.
A-D
Means within the same storage time without a common letter are significantly different
(p<0.05). SEM is 0.022.
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pH
pH was affected by package system, storage time, display time, and their interactions
(p=0.000). Even though statistically significant changes are explained next, it is important to
consider that normal pH of meat is considered to be between 5.5 and 5.8 (Gill & Penney, 1988;
Silva, Patarata, & Martins, 1999; Venturini et al., 2010). Changes among package systems were
shown after 14 and 21 days of storage (p<0.05) (Figure 6-8). At these storage times, CO/N2/CO2
master packed ground beef resulted in higher pH during display compared to the other package
systems (p<0.05). In addition, while master packs with oxygen scavenger decreased in pH during
display, CO/N2/CO2 master packed ground beef pH increased (21 days of master pack storage) or
remained the same (14 days of master pack storage) (p<0.05). Venturini et al. (2010) showed that
during storage, a lower pH was found in beef steaks stored in packages without oxygen than in
packages with oxygen (21% O2). They attributed this to a possible relationship with the activity
of lactic acid bacteria in anoxic atmospheres; even though there was not a dominant presence of
LAB in their anoxic atmosphere treatments. Similarly, Limbo et al. (2013) found a decrease in pH
from 5.75 to 5.5 in master packed beef steaks with oxygen scavengers was due to predominance
of lactic acid bacteria.
In our study, lactic acid bacteria were not significantly different among package systems
as shown in Table 6-4. However, the higher LAB counts during the last master pack storage
period could have contributed to the observed pH decrease. The lack of effect of LAB on pH in
CO/N2/CO2 master packed ground beef could be a result of LAB not being as predominant due to
higher psychrotrophic bacteria counts compared to master packs with oxygen scavenger (Figure
6-10). In addition, aerobic bacteria has been shown to increase meat pH as a result of amino acid
degradation (Gill, 1976). Furthermore, interaction of lactic acid bacteria with oxygen has been
found to produce hydrogen peroxide or water which also influences glucose metabolism when
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compared to anoxic environments (Condon, 1987). Therefore, it can be speculated that pH could
be affected by LAB metabolism end products when different atmospheres are used.

Figure 6-8. pH of master packed ground beef with or without carbon monoxide and an oxygen
scavenger over storage and display time.
A-D
Means within the same storage time without a common letter are significantly different
(p<0.05). SEM is 0.021.

Microbial analyses
Table 6-4 presents results of main effects of all microbial analyses performed. Even
though high microbial counts were found, off-odors were never present and texture changes were
only visible in CO/N2/CO2 master pack ground beef after 21 days of storage and 4 days of
display. A review by Sun and Holley (2012) found that counts of spoilage microorganisms must
be between 106 to 109 CFU/ g of meat for sensory changes to be perceptible.
The different package systems did not affect mesophilic aerobic plate counts (APC)
(p=0.739). However, storage time, display time, and their interaction had significant effects
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(p=0.000). As storage time and display time increased, mesophilic plate counts also increased
(p<0.05). Comparing bacterial counts after master pack storage, Figure 6-9 shows that there is
only a small increase in counts when ground beef is master packed and stored at 0.5°C for up to 7
days. In fact, ground beef displayed for 4 days had similar counts after 0 and 7 days of master
pack storage (p>0.05). After this time point, bacterial counts increased progressively during
master pack storage and subsequent display (p<0.05). Hunt et al., (2004) also showed that ground
beef exposed to 0.4% CO had higher APC levels after 14 and 21 days of storage i.e. pre-display,
but similar counts were found after 0 and 7 days of CO storage. The lack of growth during
display after 21 days of master pack storage (p>0.05) suggests that bacteria had reached the
stationary phase.
Psychrotrophic bacteria counts were affected by package system (p=0.000), storage time
(p=0.000), display time (p=0.000), and their interactions (p<0.04). As shown in Table 6-4,
CO/N2/CO2 ground beef had higher counts compared to the other two package systems (p<0.05).
This finding could be a result of higher oxygen concentration present in packages without an
oxygen scavenger (Table 6-1). As expected, as storage and display time increased, psychrotrophic
bacteria counts also increased (p<0.05) (Table 6-4). Differences among package types became
noticeable after 14 and 21 days of master pack storage during meat display, with CO/N2/CO2
master packed ground beef having higher counts (p<0.05) (Figure 6-10).
The dominant psychrotrophic bacteria may have been Pseudomonas since this has been
reported in other studies with meat stored in aerobic conditions (Koutsoumanis et al., 2006; Viana
et al., 2005). Pseudomonas have a high spoilage potential since they metabolize meat glucose and
amino acids (Sun & Holley, 2012). Though our results do not specifically report Pseudomonas
counts, E.coli/Coliform Petrifilms™ of CO/N2/CO2 master packed ground beef showed a
distinguishable yellow color, which indicates high numbers of non-coliform bacteria that could
potentially be Pseudomonas according to 3M (2001). In atmospheres with oxygen levels below
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1%, as in master packs with oxygen scavengers, Pseudomonas growth is inhibited and lactic acid
bacteria become the predominant spoilage microorganisms (Renerre, 1990; Sun & Holley, 2012).
Suppression of psychrotrophic bacteria in master packs with oxygen scavengers is shown in
Figure 6-13 in comparison with CO/N2/CO2 master packs.
Anaerobic plate counts analyzed in master packed ground beef were affected by package
system (p=0.018), storage time (p=0.000), display time (p=0.000) as well as their interactions
(p<0.01). Similar to psychrotrophs, CO/N2/CO2 master packed ground beef showed higher counts
(p<0.05). In addition, the increase in storage and display times resulted in higher anaerobic
bacteria levels (p<0.05) (Table 6-4). As presented in Figure 6-11, growth rates declined after 14
and 21 days of master pack storage. In contrast to what was found for psychrotrophic bacteria,
there were no significant differences in anaerobic counts found among package systems in their
corresponding storage and display time after 14 days of storage. The lack of response in this type
of bacteria, could be due to presence of facultative anaerobes that can grow in meat that is stored
in packages with low oxygen concentrations as well (Sun & Holley, 2012). This being the case,
bacteria could grow similarly in anaerobic conditions in master packs with oxygen scavengers or
in higher oxygen concentrations. Venturini et al. (2010) reported similar aerobic and anaerobic
psychrotrophic count in beef steaks packaged in a gas mixture containing CO in combination with
anoxic and 21% O2 atmospheres. They attributed this finding to the presence of facultative
anaerobes during storage. Viana et al. (2005) also reported similar growth curves of
psychrotrophic aerobic and anaerobic bacteria in fresh pork loins in anoxic and high oxygen
atmospheres, showing that facultative anaerobes dominated their samples microbiota.
Lactic acid bacteria (LAB) were not affected by package system (p=0.831). However,
storage time, display time, and their interaction had significant effects (p=0.000). As storage time
and display time increased, LAB increased (p<0.05) (Table 6-4). As in the case of APC, LAB
growth during display is limited after 21 days of master pack storage (Figure 6-12).
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Total coliform counts were affected by package system (p=0.020), storage time (0.000),
display time (p=0.000), and the interaction between storage time and display time (p=0.038). All
other interactions were not significant (p>0.05). As shown in Table 6-4, CO/N2/CO2 master
packed ground beef had higher TCC numbers, when compared to the other two package systems
(p<0.05). However, when comparing package system within their corresponding storage and
display time, no significant differences were found (p>0.05) (data not shown). Table 6-4 also
shows that coliform counts continued to increase through 21 days of master pack storage
(p<0.05). In addition, coliform counts tended to increase during display with a significant
increase after four days (p<0.05).
When comparing all microbial analyses performed (Figure 6-13), there is a similar
growth trend among package systems. This observation is expected since all package systems had
a narrow range of oxygen concentrations. However, there is a clear increase in psychrotrophic
bacteria counts during display after 14 and 21 days in CO/N2/CO2 master packs compared to
master packs that had oxygen scavengers. The levels of carbon dioxide used in this study may not
have been sufficient to inhibit microbial growth. Similarly, Venturini et al. (2010) concluded that
the use of 30% carbon dioxide in their gas mixture atmosphere was not enough to prevent the
growth of spoilage bacteria over 21 days of storage.
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Table 6-4. Effect of package system, storage time, and display time on microbial counts (log10
CFU/g).
N

APCe

SEM

PSYf

SEM

ANPCg

SEM

LABh

SEM

TCCi

SEM

N2/CO2 + O2 scav

24

6.66

0.023

7.41b

0.030

7.29b

0.032

6.71

0.048

2.00b

0.081

CO/N2/CO2

24

6.64

7.64a

7.41a

6.67

2.28a

CO/N2/CO2 + O2 scav

24

6.67

7.38b

7.29b

6.68

1.98b

0 days

18

5.00d

7 days

18

5.51c

6.87c

6.41c

5.67c

1.56c

14 days

18

7.65b

8.21b

8.16b

7.82b

2.38b

21 days

18

8.48a

8.77a

8.68a

8.60a

2.91a

24

5.70c

2 days

24

6.69

b

4 days

24

7.59a

Source of Variation
Package System

Storage Timej
0.027

6.05d

0.034

6.07d

0.037

4.67d

0.056

1.50c

0.094

Display Timek
0 days

a-d

0.023

6.43c
7.37

b

8.62a

0.030

6.25c
7.41

b

8.33a

0.032

5.70c
6.74

0.048

b

7.62a

Means within the same category and microbial analysis without a common letter are
significantly different (p<0.05).
e
Mesophilic aerobic plate count
f
Psychrotrophic plate count
g
Anaerobic plate count
h
Lactic acid bacteria
i
Total coliform count
j
Master packs were stored in the dark at 0.5 ± 0.5°C.
k
Overwrapped packages were displayed at 4 ± 1°C and kept under continuous fluorescent
lighting.

1.56b
1.75

b

2.95a

0.081
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Figure 6-9. Mesophilic aerobic bacteria counts in master packed ground beef over storage and
display time.
A-G
Means without a common letter are significantly different (p<0.05). SEM is 0.047.

Figure 6-10. Psychrotrophic bacteria counts in master packed ground beef with or without carbon
monoxide and an oxygen scavenger over storage and display time.
A-D
Means within the same storage time without a common letter are significantly different
(p<0.05). SEM is 0.10.
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Figure 6-11. Anaerobic bacteria counts in master packed ground beef with or without carbon
monoxide and an oxygen scavenger over storage and display time.
A-C
Means within the same storage time without a common letter are significantly different
(p<0.05). SEM is 0.11.

Figure 6-12. Lactic acid bacteria counts in master packed ground beef over storage and display
time.
A-G
Means without a common letter are significantly different (p<0.05). SEM is 0.096.

136
I)

II)

III)

Figure 6-13. Microbial counts in master packed ground beef with I) N2/CO2 + O2 scavenger II)
CO/N2/CO2 + O2 scavenger III) CO/N2/CO2 over storage and display time.
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Conclusion
This study supports previous findings in our lab showing that oxygen scavengers
effectively reduced oxygen concentration in master packs below 0.1%, but at the same time,
absorb carbon dioxide and produce carbon monoxide. Carbon dioxide levels were reduced up to
6.03% after 21 days of master pack storage. In the case of carbon monoxide, in a N2/CO2
atmosphere, concentrations in master packed ground beef with oxygen scavengers increased up to
0.16%. In addition, this study demonstrates that caution must be taken when carbon monoxide is
part of the gas mixture used in the master pack in combination with oxygen scavengers, as
concentrations above the FDA approved limit could occur during master pack storage.
In terms of color, there was no advantage among the different master pack systems when
comparing redness (a* values) after 1 hour bloom. However, there was a clear benefit of using
CO/N2/CO2 + O2 scavenger after 2 days of display. In addition, the lack of oxygen scavenger in
CO/N2/CO2 master packs resulted in reducing conditions after 14 and 21 days of storage due to
higher psychrotrophic bacteria counts. The necessity of including oxygen scavengers was also
emphasized through results in browning index that indicate lower values when oxygen scavengers
were used.
Use of oxygen scavengers in master packs decreased pH values during display after 14
and 21 days of storage, which would be expected as a result of higher LAB counts. In our study,
there was no significant difference among package systems in LAB counts. However, it was
shown that they were in a higher proportion when compared to psychrotrophic counts in
CO/N2/CO2 master packed ground beef. On the other hand, pH values increased in the later
package system possibly due to proteolytic activity of aerobic or facultative anaerobic bacteria.
Among the package systems used, the combination of carbon monoxide and oxygen scavengers
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in master pack ground beef will offer the best meat quality indexes for up to 21 days of storage
and 2 days of display.
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Chapter 7
Conclusions
A comparison between low and high oxygen master packs showed the advantages and
challenges of using low oxygen atmospheres. Even though, high oxygen master packs provided
better color stability during storage, this was not maintained during ground beef display. High
oxygen master packs are intended to stabilize color without the need for carbon monoxide, but in
this work there was no color benefit at the time of retail display. In addition, significantly higher
TBARS showed increased lipid oxidation in an 80% oxygen environment. Discoloration observed
in low oxygen master packs was found to result from a low residual oxygen in the concentration
range where metmyoglobin formation is triggered.
The addition of oxygen scavengers was shown to be essential to reduce and maintain
oxygen levels below 0.1% in low oxygen master packs. Due to ultra-low oxygen concentrations
reached, permanent discoloration was avoided and transient discoloration occurred. Transient
discoloration was resolved after 2 days of master packed storage, keeping ground beef myoglobin
in a reduced state that can be readily oxygenated for up to 28 days. Knowing the time when
deoxymyoglobin remains as the main meat pigment is important to avoid placing meat in the
retail case while transient discoloration is underway.
Even though oxygen scavengers were effective in reducing oxygen concentrations,
carbon dioxide and carbon monoxide concentrations were also affected. Oxygen scavengers
significantly reduced carbon dioxide levels from the master pack headspace gas. In fact, oxygen
scavengers contribution was greater compared to the amount of carbon dioxide dissolved in meat.
These changes in the headspace carbon dioxide concentration lead to a greater film deflation. In
addition, oxygen scavengers increased carbon monoxide concentrations in the headspace gas of
low oxygen master packs. Changes in carbon monoxide production when different commercial
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oxygen scavengers and levels of carbon dioxide in the headspace gas were used, suggest that
oxygen and carbon dioxide absorption capacities of oxygen scavenger are important factors
influencing production of carbon monoxide. Moreover, the significant interaction found between
only one of the oxygen scavengers and ground beef needs to be further investigated. A few
studies have been found that briefly explain carbon dioxide absorption by oxygen scavenger as a
result of iron oxidation reactions. However, it is important to emphasize that reports of carbon
monoxide production by oxygen scavengers has not been found in the literature. Therefore,
further studies are needed to elucidate the mechanisms involved.
The use of oxygen scavengers in combination with 0.4% carbon monoxide in the master
pack headspace gas was investigated. Results showed that even though color stability, a* values
and browning index, during storage was maintained when using oxygen scavengers or/and carbon
monoxide, a clear advantage during display resulted when both components were used together
during master pack storage. In addition, ground beef that was master packed without oxygen
scavenger (only with carbon monoxide) exhibited reducing conditions after 14 and 21 days of
storage and 4 days of display that were attributed to higher psychrotrophic bacteria counts. When
oxygen scavengers were used, pH values decreased during display after 14 and 21 days of master
pack storage, probably due to higher proportion of lactic acid bacteria to psychrotrophic counts.
It is important to emphasize that the ability of oxygen scavengers to achieve and maintain
the very low oxygen concentration needed for extended color stability in master packed ground
beef has been reconfirmed in this work. However, due to interacting factors, it is difficult to
accurately assess the magnitude of the effect of oxygen scavengers on carbon dioxide and carbon
monoxide concentrations in the master pack. Clearly, carbon dioxide is decreased and carbon
monoxide is increased when oxygen scavengers are used in the master pack. This finding
probably may affect both microbial and color properties of the fresh meat in the package.
Moreover, there is an increased risk of having carbon monoxide concentrations above the FDA
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approved limit when oxygen scavengers are used in master packs that contain carbon monoxide
as part of the initial gas mixture. Nevertheless, it is important to emphasize that oxygen
scavengers are currently the best option for achieving and maintaining the very low oxygen
concentration needed for extended color stability in master packed ground beef. In addition,
combining carbon monoxide and oxygen scavengers in master pack ground beef offer additive
benefits.

Future Studies
Important findings from this work; specifically, changes in carbon dioxide and carbon
monoxide due to the presence of oxygen scavengers in master packs need to be further explored.
Specially, the different pathways that could be involved in carbon monoxide production need to
be elucidated. For this, studies with other iron-based oxygen scavengers as well as oxygen
scavenger using other oxygen absorption mechanisms could be compared in terms of master pack
headspace gas changes. In addition, since oxygen absorption capacity seems to play an important
role in carbon monoxide production, comparison among oxygen scavengers with different oxygen
absorption capacities can be important.
The increased display stability found when oxygen scavengers were used in combination
with initial 0.4% carbon monoxide in the headspace gas of master packs could be further
investigated. Considering that resulting carbon monoxide concentrations above that included in
the initial headspace gas could potentially have regulatory and consumer implications, studies
with lower carbon monoxide concentrations (<0.4%) in combination with oxygen scavengers in
master packs are important. Furthermore, the effect of different ground beef fat percentages as
well as the effect of whole muscle on meat storage and display stability and master pack
headspace gas changes need to be investigated.
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Appendix A
Validation of carbon monoxide concentration results
Since carbon monoxide concentration was found to be increased in the headspace of
master packs with the addition of oxygen scavengers, validating these results was important. As
explained by Mocon technical support (personal communication), carbon monoxide readings
could be affected if a pressure differential is created in the master pack. Changes in master pack
volume coming mainly from carbon dioxide losses will generate a different pressure in the
headspace of the master pack compared to the outside atmosphere. Therefore, using a non-rigid
package e.g. bags to store ground beef under the same conditions as trays were used can indicate
if carbon monoxide concentrations are actually increased. A gas mixture of 30% CO2/70% N2
was used for the validation since it resulted in higher carbon monoxide concentrations than
master packs with 20% CO2/80% N2.
Even though, carbon monoxide is the principal objective of this part of the study, results
for oxygen and carbon dioxide concentrations were also analyzed. Oxygen concentrations were
affected by presence of oxygen scavengers (p=0.000), presence of ground beef (p=0.000), and
storage time (p=0.003). As seen in Table A-1, Ageless® and FreshPax® had significantly lower
oxygen concentrations compared to packages without oxygen scavengers (p<0.05). At the same
time, headspace of master packs with ground beef presented higher oxygen concentrations;
however, these concentrations were only higher in packages without oxygen scavengers (p<0.05).
This finding shows the effectiveness of oxygen scavengers to reduce oxygen concentrations.
After day 0, master packs with oxygen scavengers stored for up to 21 days had oxygen
concentrations below 0.04%.
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Carbon dioxide concentration was affected by storage time, oxygen scavengers, presence
of ground beef, and their interactions (p=0.000). Table A-1 shows how master packs without
oxygen scavengers presented the higher CO2 concentrations, finding the lowest in master packs
with FreshPax® (p<0.05). As expected, solubilization of carbon dioxide in meat decreased
carbon monoxide concentration in the master packs headspace gas (p<0.05). At the same time, as
storage time increased, carbon dioxide concentration decreased (p<0.05). It is important to
consider that even though CO2 concentrations decreased considerably with Ageless® oxygen
scavenger over storage, master packs with FreshPax® oxygen scavengers decreased carbon
dioxide concentrations after 7 days to values close to 0% (p<0.05) that remained mostly
unchanged through 21 days of master pack storage (p>0.05).
Carbon monoxide concentration was also affected by storage time (p=0.000), oxygen
scavenger (p=0.000), presence of ground beef (p=0.001), and their interactions (p<0.02). As seen
in Table A-1, ground beef increased carbon monoxide concentrations, but only when in presence
of an oxygen scavenger (p<0.05). Master packs with FreshPax® oxygen scavengers had the
highest carbon monoxide concentrations; still Ageless® oxygen scavengers had also higher
concentrations than master packs without oxygen scavengers (p<0.05). As with trays, oxygen
scavengers did affect carbon monoxide concentrations. The correlation between carbon monoxide
concentration in bags and trays master packs was 0.872 (p=0.000). The results of a paired t-test
show that carbon monoxide in bags was lower compared to trays (p=0.005) with an average
difference of 0.069%; however, since headspace in bags was initially smaller than in trays, it can
greatly influence the ultimate carbon monoxide concentrations produced in the package.
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Table A-1. Means for main effects on gases concentrations.
Variation Source
N
% O2a
Factor: Oxygen scavenger
None
16
0.51A
Ageless®
16
0.034B
FreshPax®
16
0.037B
Factor: Ground beef
Yes
24
0.30A
No
24
0.09B
Factor: Storage time
0
12
0.071B
7
12
0.31A
14
12
0.23A
21
12
0.17AB
Interaction: Oxygen scavenger x Ground beef
None
Yes
8
0.83A
No
8
0.20B
Ageless®
Yes
8
0.028B
No
8
0.041B
FreshPax®
Yes
8
0.040B
No
8
0.034B
Interaction: Oxygen scavenger x Storage Time
None
0
4
0.058C
7
4
0.89A
14
4
0.67AB
21
4
0.45B
Ageless®
0
4
0.075C
7
4
0.015C
14
4
0.013C
21
4
0.035C
FreshPax®
0
4
0.080C
7
4
0.020C
14
4
0.023C
21
4
0.025C
A-D

% CO2b

% COc

27.28A
16.94B
8.70C

0.00063C
0.066B
0.14A

14.92B
20.37A

0.089A
0.050B

29.38A
15.83B
13.49C
11.88C

0.00C
0.059B
0.078B
0.14A

25.44B
29.13A
9.67C
24.22B
9.65C
7.75C

0.0013B
0.00B
0.11A
0.024B
0.16A
0.13A

29.25A
27.00AB
27.65AB
25.24B
29.20A
16.70C
12.42D
9.47D
29.69A
3.80E
0.39E
0.93E

0.00D
0.00D
0.00D
0.0025D
0.00D
0.033D
0.068CD
0.16B
0.00D
0.15BC
0.17B
0.26A

Means within the same gas and factor or interaction without a common letter are significantly
different.
a
Standard Error of the Mean (SEM) is 0.14
b
SEM is 1.48
c
SEM is 0.03
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Appendix B
Images of overwrapped ground beef from treatments in Chapter 6
Table B-1. Images of overwrapped ground beef stored in different master pack systems for up to
21 days and allowed to bloom for 1 hour.
Storage Time

0 days

7 days

14 days

21 days

N2/CO2 + O2 scavenger

Package System
CO/N2/CO2 + O2 scavenger

CO/N2/CO2
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Table B-2. Images of overwrapped ground beef stored in different master pack systems for up to
21 days and displayed for 2 days.
Storage Time

0 days

7 days

14 days

21 days

N2/CO2 + O2 scavenger

Package System
CO/N2/CO2 + O2 scavenger

CO/N2/CO2
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Table B-3. Images of overwrapped ground beef stored in different master pack systems for up to
21 days and displayed for 4 days.
Storage Time

0 days

7 days

14 days

21 days

N2/CO2 + O2 scavenger

Package System
CO/N2/CO2 + O2 scavenger

CO/N2/CO2

