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hour at room temperature (11192 and 14052 units / mg, respectively). 

Preparation of myoglobin model system samples for catalase experiment. Model 

systems were prepared in MES buffer using a combination of MbO2, FeCl2, catalase, 

and/or MM (Table 9).  Systems were designed to provide the following concentrations: 

MbO2, 50 µM; Fe (as FeCl2), 35 µM (where the ratio of Mb to added iron is equal to 

reported concentrations of Mb and Fe in beef muscle; Brown and Mebine 1969; 

Schricker and Miller 1983); catalase, 0.15 nM (100 units / system, based on 80% activity 

at pH 5.6); MM, 2 mg/ml. Systems were prepared in disposable 3.5 ml spectrophotometer 

cuvettes by combining all reagents except MbO2, covering with disposable cuvette caps, 

and inverting 10 times.  Immediately prior to running the initial scan for each model 

system, MbO2 was added and mixed by inverting 10 times.  Spectal scans (400 – 650nm) 

were obtained using a Shimadzu UV2100U spectrophotometer (Shimadzu Corporation, 

Columbia, MD).  Scans were repeated for each system at 15, 30, 45, and 60 minutes.  

Samples were held at room temperature (23°C).  Five complete replicates were 

performed. 

Calculation of %MbO2 remaining.  Values were calculated as previously 

described (see Chapter 4).  Briefly, a turbidity correction factor was calculated based 

upon the absorbance of the sample at 525 nm compared to that of the stock solution.  

Relative loss of MbO2 was determined by comparing the ratio of MbO2 to MetMb in each 

sample to the initial ratio of the corresponding MbO2 stock: 

 

MbO2 : MetMb Ratio =   A545 + A580 

                                A505  
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   % MbO2 remaining =  Sample MbO2 : MetMb Ratio   X 100 

       Stock MbO2 : MetMb Ratio  

 

 

Data analysis. Statistical analysis was performed using SAS version 9.0 (SAS 

Institute, Inc., Cary, NC).  %MbO2 remaining was evaluated as a repeated measures 

design. The proc mixed function was used with an autoregressive moving average 

structure.  Statistical significance was identified at the 95% confidence level, and post-

hoc means comparisons were made based on P-values obtained using the Tukey-Kramer 

adjustment. 

 

Results and Discussion  

 Effect of atmosphere on MbO2 oxidation.  Mb oxidized quickly in both the 0% 

and 0.26% O2 systems, whether iron was present or not (Table 10).  Initially, iron 

stimulated Mb oxidation in the 0% O2 system as compared with the control (Table 11), 

 

 

 

Table 10.  % Oxymyoglobin (MbO2) remaining in modified atmosphere systems (pooled 

over time).   

Model System
a
 

%MbO2 Remaining
b 

 

0% O2 0.26% O2 20% O2 80% O2 

Control 60.8 ± 21.3 c   57.5 ± 19.5 cd 83.3 ± 11.7 a 91.0 ± 5.7 a 

Iron 49.6 ± 16.6 d   54.2 ± 18.2 cd 71.3 ± 14.0 b 84.3 ± 9.3 a 

MM + iron  57.2 ± 16.7 cd 59.6 ± 18.7 c 86.1 ±   8.9 a 90.1 ± 7.3 a 

a
 For system formulations, see Table 8.  MM = milk mineral 

b
 Values for pooled means represent mean +/- standard deviation pooled over time (0, 15, 

30, 45, and 60 minutes). Values sharing letters (within and between columns) are not 

significantly different (P > 0.05). 
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though by 15 minutes no significant differences were seen between any of the 0% O2 

systems.  Castro and others (1978) found that adding ferrous iron stimulates the  

dissociation of O2 from MbO2, rendering it susceptible to oxidation.  It is likely that this 

contributed to the initial oxidation observed in the 0% O2 systems.  This effect was not  

seen in the 0.26% O2 systems, which had high initial MbO2 concentrations but underwent 

significant oxidation within 15 minutes (Table 12).   

 Mb must be present in its deoxy (dMb) form for oxidation to occur (Livingston 

and Brown 1981; Wallace and others 1982).  Under low oxygen tensions, there is a  

higher proportion of dMb that is susceptible to attack by oxygen radicals.  The rapid loss 

of MbO2 seen in the 0.26% O2 systems was expected for this reason. However, the 0% O2  

was expected to have a more protective effect (George and Stratmann 1952).  Our Mb 

stock solution used in the 0% O2 system was not treated to remove O2, in order to more  

closely approximate the situation found in vacuum packaging of fresh beef.  It is likely 

that the O2 that dissociated from the MbO2 stock into the model system was sufficient to 

rapidly stimulate Mb oxidation, more similar to results found under low oxygen tensions 

(George and Stratmann 1952).  When vacuum packaged fresh beef initially loses its red 

color, it becomes brown as a result of Mb oxidation (Pierson and others 1970).  Because 

reducing conditions are present in the respiring muscle tissue, MetMb is subsequently 

reduced back to dMb, giving the characteristic purple color associated with vacuum- 

packaged beef.  In our model system, the components responsible for the reduction of 

MetMb to dMb were not present.   

 In systems with higher O2 concentrations, rapid oxidation of Mb was not seen  



 

 

Table 11.  % Oxymyoglobin (MbO2) remaining in 0% O2 modified atmosphere systems 

Model System
a
 

%MbO2 Remaining
b
 

Initial (0 min) 15 min 30 min 45 min 60 min 

Control 97.12 a 50.89 c 51.62 c 51.91 c 52.19 c 

Iron 76.58 b 42.55 c 42.83 c 43.01 c 42.98 c 

MM + iron 87.18 ab 48.31 c 49.21 c 50.33 c 51.81 c 

a 
For system formulations, see Table 8.  MM = milk mineral 

b 
Values for individual time points represent mean +/- standard deviation at a given time point (n=5).  Values sharing letters  

  (within and between columns) are not significantly different (P > 0.05). 

 

 

 

Table 12.  % Oxymyoglobin (MbO2) remaining in 0.26% O2 modified atmosphere systems 

Model System
a
 

%MbO2 Remaining
b
 

Initial (0 min) 15 min 30 min 45 min 60 min 

Control 94.79 a 49.06 b 47.61 b 47.92 b 48.19 b 

Iron 87.38 a 46.94 b 45.86 b 45.19 b 45.61 b 

MM + iron 95.09 a 49.28 b 50.31 b 51.20 b 51.91 b 

a 
For system formulations, see Table 8.  MM = milk mineral 

b 
Values for individual time points represent mean +/- standard deviation at a given time point (n=5).  Values sharing letters  

  (within and between columns) are not significantly different (P > 0.05). 
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(Table 10).  In the 20% O2 system (approximating atmospheric conditions, or fresh beef 

packaged in oxygen-permeable overwrap), added iron was again seen to stimulate Mb 

oxidation (Table 13), while the addition of an iron chelator prevented this effect.  By 45 

minutes, the system with added iron had lost significantly more MbO2 than either the 

control or the MM samples (Table 13), though there was no difference between the 

control and MM systems at any time point.  This agrees with previous studies conducted 

under standard atmospheric conditions (i.e. no modification of the atmosphere; Allen and 

Cornforth 2006).  In the 80% O2 systems, Mb oxidation was minimized in all systems 

(Table 14).   

 It has been suggested that Mb is oxidized by H2O2 directly (Prasad and others 

1989; Tajima and Shikama 1987), or as a result of the subsequent formation of OH
-
 

through Fenton chemistry.  High oxygen tension prevents Mb oxidation (George and 

Stratmann 1952), but under such conditions (i.e. in the 80% O2 system), ferrous iron 

would be expected to autoxidize readily and generate oxygen radicals that should be 

capable of oxidizing Mb.  This was not seen in the current study (Table 14).     

 Effect of catalase on MbO2 oxidation.  As found previously (see Chapter 4), 

addition of Fe stimulated Mb oxidation in the model systems (P < 0.05).  Addition of 

MM resulted in a complete reversal of the adverse effect of added iron as compared to the 

control (Table 15).  While catalase did not prevent Mb oxidation as compared to the 

control, addition of catalase to the iron-containing system significantly slowed MbO2 loss 

(Table 15).  However, catalase was not able to prevent the effect of added iron.  To 

ensure that catalase was not overwhelmed in the model systems, the maximum possible 

H2O2 concentration was calculated.  The autoxidation of ferrous iron



 

Table 13.  % Oxymyoglobin (MbO2) remaining in 20% O2 modified atmosphere systems 

Model System
a
 

%MbO2 Remaining
b
 

Initial (0 min) 15 min 30 min 45 min 60 min 

Control 97.5 ± 1.9 a   87.0 ± 8.3 abc       82.3 ± 10.1 abcd     77.1 ± 10.2 cd   72.8 ± 9.1 cd 

Iron   93.8 ± 1.1 ab 74.2 ± 4.7 cd  67.6 ±  7.7 de  61.8 ±  8.7 e 59.0 ± 6.8 e 

MM + iron   96.6 ± 3.2 ab 89.4 ± 7.8 ab   84.8 ±  7.3 abc      81.3 ±  6.8 bcd   78.4 ± 7.0 cd 

a 
For system formulations, see Table 8.  MM = milk mineral 

b 
Values for individual time points represent mean +/- standard deviation at a given time point (n=5).  Values sharing letters  

  (within and between columns) are not significantly different (P > 0.05). 

 

 

 

Table 14.  % Oxymyoglobin (MbO2) remaining in 80% O2 modified atmosphere systems 

Model System
a
 

%MbO2 Remaining
b
 

Initial (0 min) 15 min 30 min 45 min 60 min 

Control 98.4 ± 2.9 a 93.9 ± 2.8 ab 89.6 ± 3.4 abc     87.4 ± 3.9 abcd       85.5 ± 3.9 abcd 

Iron   96.6 ± 2.8 ab  90.3 ± 2.7 abc   83.9 ± 2.9 abcd 78.1 ± 3.8 cd 72.3 ± 3.8 d 

MM + iron 99.9 ± 4.3 a 94.6 ± 2.0 ab 89.6 ± 2.4 abc     84.6 ± 3.6 abcd    81.8 ± 3.3 bcd 

a 
For system formulations, see Table 8.  MM = milk mineral 

b 
Values for individual time points represent mean +/- standard deviation at a given time point (n=5).  Values sharing letters  

  (within and between columns) are not significantly different (P > 0.05). 
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to its ferric form generates H2O2 at a ratio of 2 moles H2O2 for every 3 moles Fe (Feig 

and Lippard 1994).  Assuming all of the iron added to the model systems underwent 

autoxidation to Fe
3+

, a maximum of 0.059 umol H2O2 would be generated in each model 

system.  Based on the units of catalase present in each system, the maximum rate of H2O2 

dismutation would be 100 umol min
-1

, or 1.8 umol sec
-1

.  At this rate, thirty times as 

much H2O2 could potentially be removed per second, suggesting that the catalase was 

present at a sufficiently high level to eliminate the majority of the H2O2 generated. 

 Tajima and Shikama (1987) predicted that the addition of catalase should slow 

Mb oxidation by 50%, but could not confirm this experimentally.  In the current study, 

reaction rates were not determined, but Mb oxidation in the catalase system was not 

different from that observed in the control system.  However, addition of catalase to the 

iron-containing system had a significant protective effect (Table 15) compared to the 

iron-only system.  This demonstrates the role of catalytically active iron in generating 

oxyradicals capable of oxidizing Mb, but does not entirely account for the effectiveness 

of the iron chelators in limiting Mb oxidation.  Addition of the iron chelator MM 

prevented the effect of added iron, whether catalase was present or not.  It is likely that 

formation of H2O2 or subsequent radicals is not the sole role of Fe
2+

 in Mb oxidation.   It 

has been proposed that metals such as iron may be able to form complexes with partially-

reduced oxygen radicals, protecting them from attack by radical scavengers (e.g. catalase; 

Aust and others 1985).  This contradicts the results for the 80% O2 system (Table 14), 

where iron did not stimulate Mb oxidation despite the likelihood that iron autoxidation 

(and subsequent radical generation) would readily occur.  The most plausible explanation 

for this observation is the stability exhibited by MbO2 to direct oxidation (George and  



 

 

Table 15.  % Oxymyoglobin (MbO2) remaining in catalase systems (pooled means and individual time points).   

Model System
a
 % MbO2 (pooled)

b
 

%MbO2 Remaining (individual time points)
c
 

15 min 30 min 45 min 60 min 

Control   91.2 ± 5.2 ab  94.3 ± 3.0 a     90.2 ± 1.4 abc* 87.5 ± 1.9 a 85.4 ± 2.2 a 

Iron   68.8 ± 16.8 e   75.4 ± 7.4 c* 65.8 ± 10.9 e   58.2 ± 12.2 c   52.6 ± 12.7 c 

Catalase 91.7 ± 4.2 a    93.3 ± 1.4 ab     91.0 ± 1.5 abc* 88.9 ± 1.7 a 87.2 ± 1.7 a 

Catalase + iron 79.3 ± 6.5 d   79.2 ± 6.6 c* 78.7 ±   5.0 d 76.5 ± 5.0 b 74.9 ± 5.2 b 

MM 94.4 ± 5.6 a 93.6 ± 1.9 a   92.7 ± 1.6 ab* 91.1 ± 1.6 a 90.4 ± 1.4 a 

MM + iron   87.4 ± 5.7 bc     86.1 ± 1.6 bc*   86.7 ± 3.9 bcd   83.4 ± 2.3 ab 84.3 ± 4.1 a 

Catalase + MM 94.5 ± 6.1 a     93.2 ± 2.5 ab* 94.8 ±   7.2 a 91.0 ± 2.1 a 89.9 ± 2.0 a 

Catalase + MM + iron 86.2 ± 5.2 c     85.7 ± 2.1 bc* 84.4 ± 2.2 cd   83.4 ± 2.0 ab   82.5 ± 2.0 ab 

a
 For system formulations, see Table 9.  MM = milk mineral 

b
 Values for pooled means represent mean +/- standard deviation pooled over time (0, 15, 30, 45, and 60 minutes). Values  

   sharing letters (within this column only) are not significantly different (P > 0.05). 
c
 Values for selected time points represent mean +/- standard deviation at a given time point (n=5).  Values sharing letters  

   (within but not between columns) are not significantly different (P > 0.05). 

*Time point where first significant difference (P < 0.05) as compared to the initial reading occurs for each model system  

   formulation. 
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Stratmann 1952).    

 

Conclusions 

 Addition of ferrous iron did not stimulate Mb oxidation under high-oxygen 

conditions, though it would reasonably be expected to undergo autoxidation to the ferric 

form, producing oxyradicals.  High-oxygen conditions maintain a higher proportion of 

MbO2 as compared to dMb, the form that undergoes oxidation.  Under standard 

atmospheric conditions (20% O2), ferrous iron stimulated Mb oxidation.  This effect can 

be minimized by the addition of catalase, because H2O2 formed during iron autoxidation 

is capable of oxidizing Mb.  The addition of the iron chelator MM completely prevented 

the effect of added iron, suggesting the formation of radicals such as H2O2 was not the 

only role of Fe
2+

 in Mb oxidation. 
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CHAPTER 6 

EFFECT OF CHELATING AGENTS AND SPICE-DERIVED ANTIOXIDANTS ON 

MYOGLOBIN OXIDATION IN A LIPID-FREE MODEL SYSTEM
1
 

 

Abstract 

 This study compared myoglobin (Mb) oxidation in lipid-free model systems 

containing iron and Type I (radical quenching) or Type II (metal chelating) antioxidants. 

Oxidation was measured as loss of oxymyoglobin (MbO2) during 0-24 hr holding at 

22°C. Sodium tripolyphosphate (STPP) demonstrated iron binding ability at all 

concentrations tested, (88% and  21% added iron bound at 1.0 and 0.05 mg/ml, 

respectively).  Iron chelation was observed for phytic acid only at the highest 

concentration (9.5% bound at 1mg/ml phytate). Neither Type I antioxidant (rosmarinate 

or eugenol) demonstrated any iron-chelating ability (< 0.5% bound). In presence of iron, 

Type I antioxidants had a significant (p < 0.05) pro-oxidant effect (54.7% retention of 

MbO2 in control, 9.5 and 37.5% retention in rosemarinate and eugenol samples, 

respectively).  The Type II antioxidants (STPP and phytate) were more effective 

inhibitors (p < 0.05) of Mb oxidation than Type I antioxidants, (68.7 and 61.1% for STPP 

and phytate, respectively). Type I antioxidants were capable of rapid reduction of ferric 

iron to the ferrous form, as measured by the ferrozine assay. This strong reducing ability 

accounted for the pro-oxidant effects of rosmarinic acid and eugenol, since ferrous iron is 

the form associated with generation of oxygen radicals, and subsequent Mb oxidation.  

1
Reprinted from Allen K, Cornforth D.  2009.  Effect of chelating agents and spice-

derived antioxidants on myoglobin oxidation in a lipid-free model system.  J Food Sci 

74(5):C375-379. 
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Type II antioxidants chelated and thus prevented the oxidizing effect of added ferrous 

iron.  Myoglobin oxidation can proceed rapidly (within 15 min) in the presence of iron 

and reducing compounds such as rosemarinic acid or eugenol, which help to maintain 

iron redox cycling.  

 

Introduction 

 Antioxidants can be divided into two categories, Type I and Type II.  The role of 

each in delaying lipid oxidation has been clearly defined (Choe and Min 2006).  Type I 

antioxidants, or radical quenchers, interfere with the oxidation cycle at the propagation 

step, preventing additional lipid radicals from forming.  Type II antioxidants, or metal 

chelators, limit the initiation of lipid oxidation by binding metals such as iron and copper, 

stabilizing them in an inactive or insoluble form.   Several studies have compared the 

effectiveness of Type I and Type II antioxidants when used to prevent lipid oxidation in 

meats, but results are often conflicting.  For example, addition of milk mineral, a Type II 

antioxidant derived from whey, to cooked (Jayasingh and Cornforth 2003) and raw 

(Vissa and Cornforth 2006) meat systems significantly lowered lipid oxidation, as 

compared with controls and samples with added Type I antioxidants (Vitamin E, 

butylated hydroxytoluene).  In contrast, St. Angelo and others (1990) found Type II 

antioxidants (including STPP and phytate) to be less effective than Type I antioxidants 

such as rosemary extracts and sodium ascorbate in inhibiting lipid oxidation.  Additional 

studies have identified antioxidant compounds that are capable of functioning by both 

mechanisms, including flavonoids such as quercetin and rutin (Chen and Ahn 2007), 

carnosine (Chan and others 1994), and propyl gallate (Paya and others 1992).   
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 Lipid oxidation in meats stimulates myoglobin (Mb) oxidation (Kanner and 

Gorelik 2001; Lynch and Faustman 2000), resulting in a loss of red color due to 

decreased oxymyoglobin (MbO2) concentration.  Several studies have examined meat 

color stability in the presence of Type I antioxidants, such as Vitamin E (provided as a 

dietary supplement to beef cattle; Chan and others 1995) and Vitamin C (added directly 

to meat; Shivas and others 1984).  Meat color is preserved due to the Type I antioxidant’s 

ability to limit lipid oxidation.  This prevents the formation of compounds such as 4-

hydroxynonenal, an aldehyde capable of interacting directly with myoglobin, rendering it 

susceptible to oxidation and the associated loss of red color (Alderton and others 2003).  

However, a recent model system study demonstrated that Mb oxidation is also directly 

stimulated by iron, independent of the effect of lipid oxidation, and that this effect could 

be minimized by the addition of metal-chelating Type II antioxidants (see Chapter 4).  

Little is known, though, about the effectiveness of Type I antioxidants in preventing iron-

catalyzed Mb oxidation in the absence of lipid.   

 The objective of this study was to examine the effectiveness of Type I 

antioxidants in preventing iron-catalyzed Mb oxidation in lipid-free systems.  First, the 

extent to which Type I antioxidants chelate iron at pH 5.6 (the pH of meat) was 

examined.  Second, Mb oxidation in lipid-free model systems containing Type I and 

Type II antioxidants was compared.   Due to the current interest in natural compounds, 

the Type I antioxidants chosen for this study were the spice-derived compounds 

rosmarinic acid (from rosemary) and eugenol (from cloves).  Rosemary extracts are 

currently used in industry as meat antioxidants, while cloves were recently demonstrated 

to be the most effective antioxidant among common spices and herbs (Vasavada and 
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others 2006).  However, as with conventional Type I antioxidants, little information is 

available on the effect of these spice-derived antioxidants on iron-catalyzed Mb oxidation 

in the absence of lipid.  

 

Materials and Methods 

Materials. Ferrous chloride (FeCl2) was obtained from JT Baker (Phillipsburg, 

NJ).  STPP, and MES were obtained from Fisher Scientific (Fairlawn, NJ).  Lyophilized 

horse skeletal myoglobin (95-100% purity), sodium dithionite, ferrozine, rosmarinic acid, 

phytic acid, eugenol and bathophenanthroline were obtained from Sigma Scientific (St. 

Louis, MO).  Sephadex G-25 Fine beads were obtained from Pharmacia Fine Chemicals, 

Inc. (Piscataway, NJ).    

Iron chelating potential.  Iron chelating potential of the antioxidants was 

determined using a modification of the method of Pazos and others (2006).  Briefly, 0.2 

ml of antioxidant solutions (0.05, 0.1, 0.5, and 1mg/ml in 0.04 M MES buffer, pH 5.6) 

was mixed with 1.35 ml of MES buffer and 0.05 ml FeCl2 (1 mg/ml in 0.1N HCl).  After 

mixing, samples were incubated with 0.32 ml of 1.25 mM ferrozine for 10 minutes in the 

dark to allow the formation of the characteristic pink ferrozine-ferrous iron chromagen. 

Absorbance was measured at 562 nm. 

Chelating capacity is a measure of the extent to which a compound can chelate 

iron, with a value of 100% indicating that not only has the compound bound all of the 

added iron, but that it reached its maximum iron-binding ability, and could not bind any 

additional iron.  Chelating capacities of < 100% indicate that more iron could be chelated 

by the compound.  Chelating capacities of >100% indicate that the iron is present at 



86 

 

levels exceeding the chelating ability of the compound, meaning that not all of the added 

iron was bound.  Chelating capacity was calculated according to the following equation 

(Pazos and others 2006): 

   % chelating capacity =  A0 – (A1 – A2)   x 100 

                                                                   A0 

   

where A0 is the absorbance of the reagent blank (buffer only), A1 is the absorbance of 

antioxidant blank (buffer plus antioxidant), and A2 is the absorbance of the sample 

(buffer, antioxidant, and iron).   This provides an indirect measurement of the amount of 

iron bound, because any unchelated iron will complex with the added ferrozine producing 

a characteristic pink chromagen.  Samples containing unchelated iron will have higher 

absorbance values (more iron is available to form the ferrozine-iron chromagen).  As 

more iron is chelated by the compound of interest the absorbance of the sample decreases 

(less iron is available to interact with ferrozine).  Thus, large values of A2 (very little iron 

chelated) will result in larger % chelating capacity, while small values of A2 (more iron 

chelated) will result in smaller % chelating capacity values.   

 The % iron chelated was evaluated by comparing the absorbance of the 

antioxidant sample to the absorbance of an iron standard: 

  % iron chelated  =  100 - % iron remaining in solution 

  

 

  % iron remaining in solution   =       A2     x  100 

                                      Astd 

 

where A2 is the absorbance of the sample (buffer, antioxidant, and iron), and Astd is the 

absorbance of the iron standard (0.05 ml FeCl2 in 1.37 ml MES buffer, pH 5.6).   
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 Reagent and buffer preparation. FeCl2 solution was prepared at a concentration of 

0.1 mg/ml in 0.1 N HCl.  Because their solution pH was low enough (< 3) to cause 

myoglobin denaturation, rosmarinic acid and phytic acid were neutralized with a 1 N 

sodium hydroxide  solution and allowed to sit overnight to form sodium rosmarinate and 

sodium phytate salts.  The solutions were dried (90˚C) for several days then powdered 

using a mortar and pestle.  Final pH of the powders was 5.2 and 6.0, respectively.  MES 

buffer solution (0.04 M) was prepared as previously described (see Chapter 4).  Briefly, 

after adjusting to a pH of 5.6, it was extracted three times with a 0.13 mg/ml (5% 

ethanol/95% hexane) bathophenanthroline solution to remove residual iron, then heated 

to drive off residual solvent.  After cooling, the final volume adjusted back to 100 ml 

with iron-free water.  In model systems such as this that measure iron-binding ability, it is 

important to use buffers that do not bind iron in order to minimize competition for iron 

between the buffer and the iron-chelating compound of interest.   In this study, MES was 

used as the model system buffer because it has a low affinity for iron.   Also, nitrogen-

based buffers such as MES slow the rate of iron autoxidation (and the subsequent 

formation of oxidizing species such as hydrogen peroxide) as compared to oxygen-based 

buffers (Welch and others 2002). 

Generation of oxymyoglobin stock solutions.  MbO2 stock solutions were 

prepared as previously described (see Chapter 4).  Briefly, concentrated solutions (~20 

mg/ml in Millipore water) were reduced by adding a concentrated dithionite solution, 

then purified by passing through a 4cm Sephadex G25 column with iron-free Tris buffer 

(pH 8.0).  Deoxymyoglobin was converted to MbO2 by swirling and gently bubbling air 

through the solution with a Pasteur pipette.  Conversion to MbO2 was confirmed 
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Figure 9.  Structures and molecular weights for antioxidant compounds. 
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increased.  To compare chelating capacity between these two compounds, the molarities 

of the tested solutions were first calculated.   Due to their close molecular weights, 

molarities for STPP and rosmarinate were essentially identical: 2.7 mM (1 mg/ml 

concentration), 1.3 mM (0.5 mg/ml concentration), 0.3 mM (0.1 mg/ml concentration), 

and 0.1 mM (0.05 mg/ml concentration).  From Table 17, it can be concluded that STPP 

exhibits a much greater chelating capacity than rosmarinate, regardless of the 

concentration or molarity considered.  To allow comparisons to STPP to be made, 

molarities were also calculated for phytate (1.1 mM, 0.5 mM, 0.1 mM, and 0.05 mM) and 

eugenol (6.1 mM, 3.1 mM, 0.6 mM, and 0.3 mM, representing 1 mg/ml, 0.5 mg/ml, 0.1 

mg/ml, and 0.05 mg/ml, respectively).   In all cases, STPP is seen to have a greater 

chelating capacity than any of the other antioxidants examined in this study (Table 17). 

 Based on the molecular structure (Fig. 9), phytate could be expected to be a more 

effective iron binder than the results of this experiment suggest (Table 17).  Phytate has 

been shown to prevent lipid oxidation in both raw and cooked beef (Lee and others 1998) 

and cooked chicken (Empson and others 1991), and to prevent metmyoglobin formation 

in raw beef (Lee and others 1998).  This has been attributed to the formation of a phytate-

iron chelate, which rapidly converts ferrous iron to its ferric form, while preventing the 

formation of hydroxyl radicals (HO• ; Graf and others 1984), thus inhibiting lipid 

oxidation (Graf and others 1987).  The ability of phytate-iron chelates to prevent HO• 

formation was observed over the range of 1:4 (moles phytate to moles iron) to 20:1 (Graf 

and others 1984).  In the current study, the two highest concentrations tested fall into this 

range, but iron binding was observed only at the highest level (1 mg/ml, or 1:2 molar 
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ratio).  It is possible that at lower molar ratios of antioxidant to iron, iron chelating ability 

is not a reliable predictor of actual antioxidant activity. 

 Effect on MbO2 oxidation.  The type of antioxidant used had a significant effect 

on MbO2 oxidation (P < 0.0001; Table 16).  Addition of ferrous iron promoted MbO2 

oxidation, but this effect was prevented when either Type II antioxidant (STPP or phytic 

acid) was present. This agrees with previous studies examining the effect of Type II 

antioxidants on iron-catalyzed MbO2 oxidation in the absence of lipid (see Chapter 4).  

The addition of Type I antioxidants (rosmarinic acid or eugenol) had no protective effect; 

they actually stimulated MbO2 oxidation, even compared to the iron-only system.  All 

systems lost significant MbO2 within the first 15 minutes (Table 18), but this was most 

dramatic for rosmarinic acid and eugenol.  The oxidation in these two systems was 

almost instantaneous, and 0 minute readings were already significantly lower (P < 0.05) 

than any other samples.   By 24 hours, all samples had become visibly brown, with MbO2 

levels below 39% (data not shown; see Appendix D). 

 Type I antioxidants function by donating hydrogen ions (H
+
) or electrons to 

radical species, which can be generated by UV light or in the presence of catalytic metals 

such as iron or copper.  For iron to exhibit this catalytic activity, it must be present in 

both its reduced (ferrous) and oxidized (ferric) states (Aust and others 1985).  In 

biological systems (with lipid present), antioxidants such as ascorbic acid exhibit pro-

oxidant activity at low ascorbate:iron ratios by replenishing ferrous iron pools (Buettner 

and Jurkiewicz 1996).  At higher ratios, ascorbic acid acts to quench free radicals such as 

HO• (generated through Fenton chemistry) and lipid peroxy and alkoxy radicals, thus 

acting as an antioxidant.   



 

 

Table 18.  Means for selected time points and pooled means for %MbO2 remaining.   

Model System
a
 

% MbO2 Remaining 

(pooled over all time 

points)
b
 

%MbO2 Remaining (selected time points)
c
 

0 min 15 min 60 min 

1-control 64.6 ± 20.1  w 90.4 ± 4.2  a 70.3 ± 7.9  b      63.3 ±  9.0  b,c 

2-control + Fe 54.7 ± 18.1  x 86.5 ± 2.0  a 60.6 ± 2.3  c 47.4 ±  3.5  d 

3-STPP + Fe 68.7 ± 16.5  w 92.3 ± 5.3  a 72.2 ± 7.7  b    66.3 ± 10.0 b,c 

4-Phytate + Fe 61.1 ± 15.9  w 88.8 ± 6.2  a    64.2 ± 2.7  b,c    56.5 ±  6.0  c,d 

5-Rosmarinate + Fe  9.5  ±  9.0  z 28.3 ± 5.7  e   7.9 ± 5.6  f   5.2 ±  4.1  f 

6-Eugenol + Fe 37.6 ± 14.8  y 68.3 ± 3.8  b    38.2 ± 4.6  d,e 28.8 ±  3.8  e 

STPP = sodium tripolyphosphate; MbO2 = oxymyoglobin 
a
 For system formulations, see Table 16.  

b
 Values for pooled means represent mean +/- standard deviation pooled over time (0, 15, 30, 45, 60 minutes and 24 hours).   

  Values within this single column sharing letters are not significantly different (P > 0.05). 
c
 Values for selected time points represent mean +/- standard deviation at a given time point (n=5).  Values within these three  

  columns sharing letters are not significantly different (P > 0.05). 
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 The ability of ascorbic acid to reduce iron is employed in the ferrozine assay.  

Because ferrozine will only complex with ferrous iron, ascorbic acid is added to reduce 

all ferric iron.  It is likely that, in the absence of lipid, the rosmarinic acid and eugenol 

used in this study are functioning in a very similar manner.  To verify this, ferric chloride 

solutions were prepared, allowed to react with ferrozine in the dark for 10 minutes, the 

absorbance was measured at 562 nm and compared to a ferrous chloride standard.  

Crystals of ascorbic acid, rosmarinic acid powder, or drops of eugenol were then added in 

excess to individual ferric chloride solutions, allowed to sit an additional 10 minutes, and 

read again at 562 nm.  In all cases, the characteristic pink ferrous iron-ferrozine 

chromagen was not observed until after the addition of the antioxidant compound.   

 Though qualitative in nature, this test demonstrates that the Type I antioxidants 

used in this study are capable of reducing ferric iron to its ferrous state.  Ferrous iron will 

autoxidize if not stabilized at a low pH: 

  2Fe
2+

  +  O2  +  2H
+
  →  2Fe

3+
  +  H2O2    (1) 

Additional ferrous ions then create hydroxyl radicals through the Fenton reaction: 

  Fe
2+

  +  H2O2   →   Fe
3+

  +  OH
-
  +  HO•    (2) 

Type I antioxidants (AH) would cause these reactions to cycle by regenerating ferrous 

iron, but would also quench the hydroxyl radical: 

  AH  +  Fe
3+

  →  A•  +  Fe
2+

      (3) 

  AH  +  HO•  →  A•  +  H2O      (4) 

Eventually, all antioxidant would be depleted, preventing further cycling.  In the system 

with only added ferrous iron, MbO2 oxidized at a slower rate than those with Type I 

antioxidants.  After the initial drop in the first 15 minutes, %MbO2 did not drop 
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significantly again until after 60 minutes (Table 18).  At this point, MbO2 levels in the 

system with only added iron were higher than in either the rosmarinic acid or eugenol 

system. MbO2 in the iron-only system dropped to levels comparable to the eugenol 

system after 24 hours (29.5% and 27.2%, respectively), though both systems contained 

significantly (P < 0.0001, data not shown; see Appendix D) more MbO2 than the 

rosmarinic acid system (5.5%).  Rosmarinic acid is water soluble, while eugenol is 

hydrophobic – this system was noticeably turbid after shaking.  The hydrophobicity of 

eugenol may lessen contact between ferric iron and the antioxidant, thus slowing its pro-

oxidant activity as compared to rosmarinic acid.  This would also decrease its contact 

with ferrous iron, limiting its iron chelating capacity.  Interestingly, there was no 

indication that the Type I antioxidants were capable of directly reducing metmyoglobin to 

deoxymyoglobin in the model systems, as evidenced by a lack of the characteristic 

deoxymyoglobin peak (Abs 555; Bowen 1949).    

 Though the exact mechanism of iron-stimulated MbO2 oxidation is not known, 

there are several possibilities that may explain the pro-oxidant activity of rosmarinic acid 

and eugenol observed in this study.  First, it is possible that the reactive species H2O2 and 

HO• were generated in greater amounts in the rosmarinic acid and eugenol systems due 

to ferrous/ferric iron cycling (eq. 1, 2, 3), promoting MbO2 oxidation.  However, it has 

been noted that HO• reacts indiscriminately with biomolecules (Graf and others 1984; 

Halliwell and Gutteridge 1984).  Though oxidation of the globin portion was not 

measured, no evidence of extreme oxidation – protein precipitation, bleaching, or loss of 

absorbance at 525nm (indicating loss of heme structure) – was observed.  In all cases, 

samples that exhibited a loss of MbO2 gave absorbance spectra characteristic of 
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metmyoglobin.  Second, there may have been a rapid depletion of O2 in solution through 

iron autoxidation/reduction cycling (eqs. 1, 3).  Lower partial pressures of oxygen are 

known to promote MbO2 oxidation, while higher levels have a protective effect (George 

and Stratmann 1952).  Third, oxygen must first be dissociated from MbO2, as 

deoxymyoglobin is the form which undergoes oxidation to metmyoglobin (Brown and 

Mebine 1969).  Ferrous iron is known to promote O2 dissociation from oxymyoglobin 

under anaerobic conditions (Castro and others 1978); a similar action may be seen here, 

though the extent to which this applies to aerobic systems is not known.    

 

Conclusions 

 Type II, metal-chelating antioxidants (STPP and phytate) were more effective 

inhibitors of MbO2 oxidation than Type I antioxidants (eugenol and rosmarinic acid), in 

the absence of lipids.  Type I antioxidants were strong reductants of ferric iron, raising 

the possibility that redox cycling of iron was induced in these systems, maintaining an 

active ferrous iron pool that was capable of promoting myoglobin oxidation through any 

of several mechanisms.  Though pro-/anti-oxidant thresholds for ascorbic acid have been 

reported, no such information exists for the spice-derived antioxidants eugenol and 

rosmarinic acid.  Further studies are warranted to determine the extent to which these 

compounds act as pro-oxidants in lipid containing model-systems, and to establish 

minimum antioxidant to iron ratios to prevent pro-oxidant activity, thus providing a basis 

for determining appropriate use levels of spices as antioxidants in fresh meats. 
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CHAPTER 7 

COMPARISON OF TYPE I AND TYPE II ANTIOXIDANTS ON FRESH  

BEEF COLOR STABILITY 

 

Abstract  

 The effects of Type I antioxidants eugenol and rosmarinic acid were compared to 

those of Type II antioxidants milk mineral (MM), sodium tripolyphosphpate (STPP), and 

phytate in raw ground beef held for 14 days at 4˚C in oxygen-permeable 

polyvinylchloride.  Meat color stability was measured as % oxymyoglobin, Hunter a* 

value, chroma, and hue angle.  Significant correlations (p < 0.0001) were observed 

between all color measurement methods.  By day 14, STPP-treated patties lost more red 

color (p < 0.05) as measured by Hunter a* value and hue angle and had higher 

thiobarbituric acid values than other treatments.  Overall, the Type II antioxidant MM 

was as effective as eugenol and rosmarinate at preventing oxymyoglobin oxidation (72, 

76, and 71% retained, respectively) and red color loss as measured by Hunter a* value 

(9.2, 9.4, and 10.9), hue angle (58.4, 56.2, and 53.5), and chroma (17, 17, and 18).   

 

1. Introduction 

 Consumers often base their decision to purchase fresh beef on its color, with red 

meat being perceived as more fresh (Issanchou, 1996). This perception of color, which 

may be influenced by the packaging method, does not seem to influence the consumers’ 

perception of eating quality (Carpenter, Cornforth, & Whittier,  2000), but studies have 

shown the presence of brown colors in raw meats result in reduced sales (Hood, 1980).  

Financial losses due to meat discoloration have been estimated to be as high as $792 
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million (Liu, Lanari, & Schaefer, 1995).  The preservation of red color in raw beef 

products is important for the beef industry to minimize this financial impact. 

 Several methods have been examined to preserve red color in fresh meats.  High-

oxygen (80% O2) modified atmosphere packaging (MAP) has been shown to delay the 

onset of browning (Jakobsen & Bertelsen, 2000; Ho, Huang, & McMillin, 2003), but 

increase the development of rancid flavors and odors associated with lipid oxidation 

(Jayasingh, Cornforth, Brennand, Carpenter, & Whittier, 2002).  Attention has also been 

given to the use of low levels (0.4 – 0.5%) of carbon monoxide to preserve red color 

without the associated increase in rancidity resulting from high O2 MAP storage 

(Cornforth & Hunt, 2008), though this has unfortunately met with some consumer 

resistance due to perceived safety concerns.   

 Multiple antioxidants have been examined to determine their effect on lipid 

oxidation in both raw and cooked meats.  These can be classified generally into two 

groups: Type I radical quenchers and Type II metal chelators.  Type I antioxidants, such 

as Vitamin E and butylated hydroxytoluene (BHT), interfere with the oxidation cycle at 

the propagation step, preventing additional lipid radicals from forming.  Type II 

antioxidants, such as ethylenediamine tetraacetic acid (EDTA) and sodium 

tripolyphosphate (STPP), limit the initiation of lipid oxidation by binding metals such as 

iron and copper, stabilizing them in an inactive or insoluble form.  Recent studies have 

put more focus on natural antioxidant compounds derived from food components, 

including herbs such as rosemary and oregano (McCarthy, Kerry, Kerry, Lynch, & 

Buckley, 2001; Sanchez-Escalante, Djenane, Torrescano, Beltran, & Roncales, 2003; 

Vasavada, Dwivedi, & Cornforth, 2006), spices such as cloves and cinnamon (Tanabe, 
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Yoshida, & Tomita, 2002; Vasavada et al., 2006), garlic (Yin & Cheng, 2003), tea 

catechins (McCarthy et al., 2001), phytate (Empson, Labuza, & Graf, 1991; Lee, 

Hendricks, & Cornforth, 1998a), and milk mineral (MM; Cornforth & West, 2002; 

Vasavada & Cornforth, 2005; Vissa & Cornforth, 2006).  Rosemary extracts are currently 

used in industry as meat antioxidants, while cloves were recently demonstrated to be the 

most effective antioxidant among common spices and herbs (Vasavada et al., 2006). 

 Controlling lipid oxidation is also crucial in limiting brown color development, as 

lipid oxidation products have been shown to interact directly with the protein portion of 

myoglobin, resulting in increased susceptibility of the heme iron to oxidation (Alderton, 

Faustman, Leibler & Hill, 2003).  Meat color can be preserved due to Type I antioxidants 

ability to limit lipid oxidation, preventing the subsequent formation of reactive aldehydes.  

Several studies have examined the effect of Type I antioxidants on color loss in meats 

(Chan, Hakkarainen, Faustman, Schaefer, Scheller, & Liu, 1995; Yin & Cheng, 2003; 

Vissa & Cornforth, 2006), with varying degrees of success.   

 The Type II antioxidant sodium tripolyphosphate (STPP) is known to prevent 

lipid oxidation (Lee, Hendricks, & Cornforth, 1998b), though it is used in meats 

primarily for its water-binding properties.  The use of natural Type II antioxidants has not 

been studied as extensively as Type I, but two notable exceptions are the natural 

phosphates phytate and milk mineral.  Phytate, or inositol hexaphosphate, is found in 

cereals, legumes, nuts and seeds (Cheryan, 1980) and is capable of forming a chelate with 

ferric iron that is catalytically inactive (Graf, Mahoney, Bryant, & Eaton, 1984).  MM is a 

free-flowing white powder obtained as a by-product of whey processing, comprised 

primarily of an insoluble calcium phosphate of unknown structure that forms a complex 
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with iron (see Chapter 3).  Both compounds have been shown to preserve red color in raw 

beef while lowering lipid oxidation (Lee et al., 1998a; Vissa & Cornforth, 2006), though 

the results of these studies cannot be directly compared as they were performed in 

different packaging atmospheres.   

 Therefore, the objective of this study was to examine the effectiveness of Type I 

(rosmarinic acid and eugenol, the active compounds in rosemary and cloves respectively) 

and Type II antioxidants (STPP, phytate, and milk mineral) in preventing myoglobin 

(Mb) oxidation, and the subsequent loss of color, in raw ground beef packaged in 

standard-atmosphere packaging (PVC overwrap). 

 

2.  Materials and Methods 

 

2.1.  Materials   

STPP was obtained from Fisher Scientific (Fairlawn, NJ).  MM was obtained 

from Glanbia (Monroe, WI).  Rosmarinic acid, phytatic acid, and eugenol were obtained 

from Sigma Scientific (St. Louis, MO). 

 

2.2.  Preparation of ground beef and treatment of patties 

 USDA select grade beef chuck shoulder clods (IMPS 114) were purchased in 

vacuum packages and used for preparation of ground beef.  Chuck was trimmed of 

visible fat then prepared by coarsely (0.60 cm plate) then finely (0.32 cm plate) grinding 

through a Hobart grinder model 4125 (Hobart Mfg. Co., Troy, OH, U.S.A.).  Two 3-ml 

spectrophotometer cuvettes were filled completely with the ground beef and used to 

obtain reference reflectance spectra (see following section).  1000g portions of ground 
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beef were mixed with 5g MM, STPP, or phytate (0.5%) or 0.5g eugenol or rosmarinic 

acid (0.05%), and were then re-ground through the fine plate.  Four patties were prepared 

manually for each treatment by shaping 130g portions using a circular form from a 

Hollymatic patty machine (Hollymatic Corp., Park Forest, IL, U.S.A.).  Patties were 

placed on 15 x 15 cm squares of washable furnace filter wrapped in a single layer of PVC 

film (to allow air circulation around the entire patty).  Patties and filters were then 

wrapped in an additional layer of PVC film and held at 4˚C for 1, 4, 7, or 14 days.  After 

taking samples for day 0 analysis, the remaining ground beef was packaged in Ziploc 

freezer bags and frozen for later determination of fat.  All samples tested < 5% fat on wet 

weight basis by AOAC method  960.39 (AOAC 2000).  Five complete replicates were 

performed. 

 

2.3.  Oxymyoglobin determination   

 Conversion of oxymyoglobin (MbO2) to metmyoglobin (Met) was confirmed 

spectrophotometrically using a Shimadzu UV2100U spectrophotometer with a 

reflectance attachment (Shimadzu Corporation, Columbia, MD).  MbO2 content was 

determined based on the presence of the characteristic reflectance minima at 545 and 580 

nm (Bowen, 1949).   For each sample and the freshly ground reference beef, 3-ml 

cuvettes were prepared by packing in ground beef tightly to exclude air, then performing 

a spectral scan from 450 to 650 nm.  Relative loss of MbO2 was determined by 

comparing the ratio of MbO2 to MetMb in each sample to the initial ratio of the freshly 

ground beef from which it was prepared: 
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MbO2 : MetMb Ratio =   (1 / R545 + R580) 

                           (1 / R505)  

 

   % MbO2 remaining  =     Sample MbO2 : MetMb Ratio   X 100 

                    Reference MbO2 : MetMb Ratio  

 

Reflectance spectra for all samples were obtained in duplicate.   

 

2.4.  Hunter color measurement 

 L*, a* and b* values were measured using a HunterLab Miniscan portable 

colorimeter (Reston, VA), standardized through a single layer of PVC film using a white 

and black standard tile.  Five color measurements were taken per sample.  Hue angle 

(true redness) was calculated as [arctangent (b*/a*)].  Chroma (color saturation) was 

calculated as √(a*
2
 + b*

2
).   

 

2.5.  TBA analysis   

 The thiobarbituric acid reactive substances (TBA) assay was performed as 

described by Buege and Aust (1978). Briefly, duplicate 1.0g ground beef cores were 

mixed with 3.0 ml of stock solution containing 0.375% thiobarbituric acid, 15% 

trichloroacetic acid, and 0.25 N HCl. The mixture was heated for 10 min in a boiling 

water bath (100°C) to develop a pink color, cooled in tap water and then centrifuged 

(4,300 x g for 10 min). The absorbance of the supernatant was measured 

spectrophotometrically at 532 nm.  TBA values (mg malondialdehyde / kg of meat) were 

calculated using an extinction coefficient of 156000 M
-1

cm
-1

 

(Sinhuber & Yu, 1958) as follows: 

TBA (mg/kg) = A532  x  1 M chromagen  x  1 mole/L  x  0.0003L   x  72.07g MDA  x  1000g 

                156000           M          1.0g meat            mole           kg 
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2.6.  Microbial load   

 Total aerobic counts were taken based on AOAC method 990.12 (AOAC 2000).  

Briefly, 11 g of sample was stomached in Butterfield’s phosphate diluent, then further 

diluted or plated (1ml) on Petrifilm
TM

 aerobic count plates (3M Corporation, St. Paul, 

MN) according to manufacturer instructions.  Plates were incubated at 32°C for 48 hours 

then counted and interpreted as per the manufacturer’s guidelines.  All samples were 

plated in duplicate.   

 

2.7. Data analysis  

 Statistical analysis was performed using SAS version 9.0 (SAS Institute, Inc., 

Cary, NC).  % MbO2 remaining, TBA, chroma, hue angle, and a* values were evaluated 

as a repeated measures design. The proc mixed function was used with an autoregressive 

moving average structure.  Statistical significance was identified at the 95% confidence 

level, and post-hoc means comparisons were made based on p-values obtained using the 

Tukey-Kramer adjustment.  Pearson correlation coefficients were calculated between 

measurements using the proc corr function. 

 

3.  Results and Discussion 

 Antioxidant type had a significant effect on meat color (p < 0.05) for all of the 

color measurement techniques used (% MbO2 remaining, Hunter a* value, chroma, and 

hue angle).    There was a significant (p < 0.0001), linear correlation between all color 

measurements (Table 19).  TBA values were also significantly (p < 0.0001) correlated 

with color values, though these correlations do not appear to be linear in nature (r ≤ 0.5).  

No change was observed in %MbO2, as compared to day 0, until day 14 for the Type I  
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Table 19.  Correlations for meat system measurements.   

 Hue Angle
a
 Chroma

b
 a* Value TBARS 

% MbO2 

remaining 

-0.65
c
 

p<0.0001 

0.65 

p<0.0001 

0.72 

p<0.0001 

-0.51 

p<0.0001 

Hue Angle  
-0.61 

p<0.0001 

-0.83 

p<0.0001 

0.51 

p<0.0001 

Chroma   
0.94 

p<0.0001 

-0.35 

p<0.0001 

a* Value    
-0.44 

p<0.0001 
a
 Hue angle (true redness) was calculated as [arctangent (b*/a*)] 

b
 Chroma calculated as (color saturation) was calculated as √(a*

2
 + b*

2
) 

c
 Pearson correlation coefficients (r-values). Significant p-values are in italics. 

 

 

antioxidants rosmarinate and eugenol (Table 20).  The type II antioxidants STPP and MM 

were able to maintain initial MbO2 levels only until day 4.  By day 14, the patties treated 

with STPP contained significantly (p < 0.05) less MbO2 than those for any other 

antioxidant treatment.  Only eugenol preserved MbO2 for 14 days more effectively than 

the control (Table 20).    

 Hunter a* values changed, as compared to day 0, by day 4 for phytate, 

rosmarinate, eugenol, and the control (Table 21).  STPP was unable to maintain its initial 

a* value even until day 1.  All antioxidant treatments except STPP were significantly 

redder (higher a* values) than the control by day 14, though eugenol was more effective 

than phytate.  There was no difference in a* value between STPP and the control at this 

point, confirming the visual observations made that both STPP and control patties were 

brown.  Phytate, MM, eugenol, and rosemarinate produced significantly lower hue angle 

values (meaning they were more red and less yellow) after 14 days than did STPP or the 

control (Table 22).  Differences as compared to initial hue angle values were observed at 
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Table 20.  % MbO2 remaining: time to first significant difference as compared to Day 0 

and means at Days 0 and 14.   

Meat System 

Days to First 

Significant 

Difference
a
 

%MbO2 Remaining 

Day 0
b 

Day 14
b
 

Ground beef only 1 97.1 ± 5.2  a      61.2 ± 12.7  c,d 

0.5% STPP 4 95.6 ± 7.0  a  53.0 ±   5.9  d 

0.5% Phytate 1 91.3 ± 6.7  a     68.8 ± 11.1  c,d 

0.5% MM 4 96.4 ± 5.9  a     71.8 ± 14.3  b,c 

0.05% Rosmarinate 14 92.5 ± 5.9  a     71.0 ±   6.6  b,c 

0.05% Eugenol 14 93.6 ± 5.1  a  76.3 ±   8.5  b 

a
 Time point where first significant difference (p < 0.05) occurs as compared to initial 

reading for each meat system formulation. 
b
 Values represent mean +/- standard deviation at a given time point (n=5).  Values 

sharing letters are not significantly different (p > 0.05). 

 

 

 

Table 21.  Hunter a* value: time to first significant difference as compared Day 0 and 

means at Days 0 and 14.  

Meat System 

Days to First 

Significant 

Difference
a
 

Hunter a* value 

Day 0
b 

Day 14
b
 

Ground beef only 4 16.7 ± 2.5  a    4.9 ± 0.6  d 

0.5% STPP 1 17.2 ± 2.0  a  4.7 ± 1.9  d 

0.5% Phytate 4 14.6 ± 2.7  a  7.8 ± 2.0  c 

0.5% MM 7 15.6 ± 1.9  a     9.2 ± 2.6  b,c 

0.05% Rosmarinate 4 17.2 ± 2.1  a     9.4 ± 2.6  b,c 

0.05% Eugenol 4 17.4 ± 1.9  a 10.9 ± 1.9  b 

a
 Time point where first significant difference (p < 0.05) occurs as compared to initial 

reading for each meat system formulation. 
b
 Values represent mean +/- standard deviation at a given time point (n=5).  Values 

sharing letters are not significantly different (p > 0.05). 
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day 14 for phytate, MM, and eugenol, though all other treatments did not show 

differences until day 7.  MM effectively preserved its initial color intensity (chroma) over 

the entire 14 day study (Table 23).  Both MM and eugenol exhibited more intense colors 

(higher chroma values) than STPP or the control by day 14.   

 All antioxidants except STPP effectively prevented the formation of off odors 

(measured as TBARS) compared to the control (Table 24).  However, even though 

rancidity was not noticeable in eugenol and rosmarinate samples, a definite odor was 

present.  Eugenol is the active component in cloves, and these patties had a pervasive 

clove aroma, noticeable even through the pvc overwrap.  In a study of the antioxidant 

effectiveness of various spices in cooked ground beef, sensory panelists described 

samples containing clove as having a strong aroma “reminiscent of a dentist’s office” 

 

 

Table 22.  Hue Angle: time to first significant difference as compared Day 0 and means 

at Days 0 and 14. 

Meat System 

Days to First 

Significant 

Difference
a
 

Hue Angle 

Day 0
b 

Day 14
b
 

Ground beef only 7 43.8 ± 1.7  a   68.7 ± 1.9  c 

0.5% STPP 7 42.3 ± 1.8  a 68.7 ± 5.0  c 

0.5% Phytate 14 44.2 ± 2.5  a 58.2 ± 6.3  b 

0.5% MM 14 44.4 ± 1.7  a 58.4 ± 5.6  b 

0.05% Rosmarinate 7 43.9 ± 2.4  a 56.2 ± 6.4  b 

0.05% Eugenol 14 43.4 ± 2.1  a 53.5 ± 4.2  b 

a
 Time point where first significant difference (p < 0.05) occurs as compared to initial 

reading for each meat system formulation. 
b
 Values represent mean +/- standard deviation at a given time point (n=5).  Values 

sharing letters are not significantly different (p > 0.05). 
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Table 23.  Chroma: time to first significant difference as compared Day 0 and means at 

Days 0 and 14. 

Meat System 

Days to First 

Significant 

Difference
a
 

Hue Angle 

Day 0
b 

Day 14
b
 

Ground beef only 4 23.2 ± 3.5  a  13.4 ± 1.7  c 

0.5% STPP 1 23.3 ± 2.6  a 12.6 ± 2.6  c 

0.5% Phytate 4 20.5 ± 3.7  a    14.7 ± 2.0  b,c 

0.5% MM  ns 21.8 ± 2.6  a 17.3 ± 2.5  b 

0.05% Rosmarinate 4 23.8 ± 2.6  a    16.7 ± 2.3  b,c 

0.05% Eugenol 14 24.0 ± 2.4  a 18.2 ± 1.7  b 

a
 Time point where first significant difference (p < 0.05) occurs as compared to initial 

reading for each meat system formulation. ns = no significant difference observed 
b
 Values represent mean +/- standard deviation at a given time point (n=5).  Values 

sharing letters are not significantly different (p > 0.05). 

 

 

 

Table 24.  TBARS: time to first significant difference as compared Day 0 and means at 

Days 0 and 14. 

Meat System 

Days to First 

Significant 

Difference
a
 

TBARS 

Day 0
b 

Day 14
b
 

Ground beef only 1 0.25 ± 0.07  a   1.12 ± 0.20  b 

0.5% STPP 14 0.23 ± 0.09  a 0.80 ± 0.22  b 

0.5% Phytate ns 0.22 ± 0.09  a 0.25 ± 0.06  a 

0.5% MM ns 0.20 ± 0.09  a   0.25 ± 0.07  a 

0.05% Rosmarinate ns 0.23 ± 0.08  a 0.30 ± 0.10  a 

0.05% Eugenol ns 0.19 ± 0.07  a 0.27 ± 0.09  a 

a
 Time point where first significant difference (p < 0.05) occurs as compared to initial 

reading for each meat system formulation. ns = no significant difference observed 
b
 Values represent mean +/- standard deviation at a given time point (n=5).  Values 

sharing letters are not significantly different (p > 0.05). 
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 (Vasavada et al., 2006).  Despite the effectiveness of eugenol in preserving raw beef 

color, the negative sensory aspects may limit its use.  In the current study, MM was as 

effective in preserving red meat color (Tables 20 – 23) and preventing lipid oxidation as 

eugenol, but did not produce a noticeable odor of its own. 

 Results of beef color studies often are given in terms of differences in a* values or 

hue angle.  While these measurements are important in observations related to the 

intensity of red color, they do not necessarily reflect the distribution of myoglobin 

pigments in beef.  Greene, Hsin, and Zipser (1971) found that consumer acceptance of 

ground beef was related to % MetMb, not total pigment concentration.  In the current 

study, though % MbO2 remaining was significantly correlated with Hunter a*, hue angle, 

and chroma (and the same general trends were observed), the specific differences 

between treatments do not necessarily correspond.  Of the treatments examined, only the 

Type I antioxidant eugenol was consistently different (p < 0.05) from the control at day 

14 (Tables 20 – 23).  However, eugenol-treated patties were lighter than those using Type 

II antioxidants, based both on L* values (data not shown; p < 0.05; see Appendix E) and 

visual observations.  Addition of eugenol resulted in a pinker patty as compared to the 

deep cherry-red patties containing STPP or phytate or the light red patties containing 

MM.  Over the course of the experiment, STPP and phytate patties became splotchy with 

solid brown interiors, while eugenol (and rosmarinate) maintained the pink color through 

the interior.  MM color was solid at the surface throughout the 14 days, but patty interiors 

began to brown by day 4.   Based on day 14 values for all color measurements (Tables 20 

– 23), MM and phytate were significantly more effective at preventing color changes than 

was STPP.   
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 Antioxidant type also had a significant effect on microbial growth (p < 0.05).  But 

despite the effectiveness of phytate and MM for preserving meat color and preventing 

oxidative rancidity, only the Type I antioxidants rosmarinic acid and eugenol were able to 

maintain microbiological quality of the patties (< 10
7
 cfu/g; Sofos, 1994) through the 

entire 14-day period (Fig. 10).  Though phytate and MM were not able to prevent the 

growth of spoilage microbes, they were able to preserve fresh color as compared to the 

control.  “Free” iron has been demonstrated to promote Mb oxidation, both directly (see 

Chapter 4) and indirectly via lipid oxidation (Kanner, Harel, & Hazan, 1986; Alderton et 

al., 2003).  One potential source of iron in fresh meats is iron liberated from iron-

containing proteins broken down by the growing bacteria.  It is possible that these 

compounds are able to prevent browning by chelating the iron released in this manner. 

 Recent studies have shown that MM and STPP have a protective effect on MbO2 

in lipid free model systems (see Chapter 4) and on red color in MAP ground beef (Vissa 

& Cornforth, 2006).  In the current study, however, STPP was not an effective treatment 

for preserving fresh ground beef color in oxygen-permeable PVC overwrap.  

Phosphatases present in raw beef break down STPP releasing orthophosphates (Lee et al., 

1998b), which are not effective metal chelators (see Chapter 3).  Meat phosphatases did 

not significantly degrade phytate (Lee et al., 1998b), and based on the results of the 

current study, it is reasonable to predict that they would likewise have a minimal effect 

on MM. 

 There has been concern expressed regarding the bioavailability of iron in the  



115 

 

 

 
Figure 10.  Total aerobic plate counts in ground beef patties treated with 0.5% sodium 

tripolyphosphate ( ), 0.5% milk mineral ( ), 0.5% phytate ( ), 0.05% eugenol( ), or 

0.05% rosmarinic acid ( ) as compared to control patty ( ).  Bars represent mean plate 

counts (n=5).  Bars sharing letters are not significantly different (p > 0.05). 

 

 

presence of phosphate-based chelators, including phytate (Brune, Rossander-Hulten, 

Hallberg, Gleerup, & Sandberg, 1992).  Because the majority of iron absorbed from meat 

is heme iron (Conrad & Umbreit, 2000), this is not a concern in meats (Carpenter & 

Mahoney, 1992).  Lee et al. (1998a) found that addition of phytate in a beef model 

system prevented the release of iron from the heme structure.  Due to insolubility of MM, 
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it is likely a similar phenomenon is occurring, though future research is needed to verify 

this. 

 

4.  Conclusions 

 The Type II antioxidants MM and phytate preserved the color of fresh ground 

beef packaged in oxygen-permeable PVC as effectively as Type I antioxidants eugenol 

and rosmarinic acid, though by a very different mechanism.  MM and phytate were 

equally effective at maintaining the typical red color of beef, though MM had a more 

characteristic red color based on visual observations.  Despite their effectiveness at 

preventing both pigment and lipid oxidation, neither Type II antioxidant was able to 

preserve shelf life from a microbial stand-point, suggesting that meat color and odor may 

not be adequate spoilage indicators in ground beef treated with iron chelators. 
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CHAPTER 8 

CONCLUSIONS 

 

Ferrous-state iron has been shown to stimulate Mb oxidation.  This effect can be 

completely prevented in lipid-free model systems by iron-chelating agents such as MM 

and STPP.  This effect of Fe
2+

 was only partially prevented by the addition of catalase, 

the enzyme responsible for the dismutation of H2O2, a molecule that promotes Mb 

oxidation (either directly or indirectly through the generation of subsequent radicals such 

as OH).  It is likely that even though Fe
2+

 participates in the generation of oxygen-based 

radicals, this is not its only role in Mb oxidation.  In the absence of lipid, Type II, metal-

chelating antioxidants were very effective in slowing loss of MbO2, while the Type I, 

radical-quenching antioxidants rosmarinate and eugenol were seen to promote Mb 

oxidation.  This suggests that maintaining an active Fe
2+

 pool is an important factor in 

Mb oxidation.   

Based on the effects of iron addition on the loss of MbO2 observed in this study, 

and the demonstrated importance of Fe
2+

—O2 chemistry (Qian and Buettner 1999), a 

previously unconsidered pathway for Mb oxidation is proposed, in which non-heme Fe
2+

 

plays a critical role.  Ferrous iron first acts by accelerating the dissociation of oxygen 

from MbO2 (Castro and others 1978).  An iron-oxygen complex (denoted here as Fe
2+

— 

O2) then forms, which in turn directly oxidizes dMb to MetMb.  Though superoxide is 

shown as an end product in this series of reactions, this could vary depending on the 

exact nature of the initial iron-oxygen complex:   
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MbO2        dMb   +   O2   (as accelerated by Fe
2+

) (1) 

 

  dMb   +   (Fe
2+

 + O2)   dMb(Fe
2+

)- - OO - -Fe
2+

   (2) 

 

  dMb(Fe
2+

)- - OO - -Fe
2+

    MetMb   +   O2
-
   +   Fe

2+
 (3) 

 

The formation of an Fe
2+

 – OO – Fe
2+

 bridge has been proposed as an intermediate step in 

Fe
2+

 autoxidation (Feig and Lippard 1994) and was detected in free porphyrin ring 

oxidation (Chin and others 1977).  It has also been suggested that an iron-oxygen 

complex could be stabilized in the presence of certain anions, and destabilized in the 

presence of others (Aust and others 1985). This may explain in part the change in 

myoglobin oxidation rates observed in systems containing various anions in previous 

studies (Wallace and others 1982).    

The nature of the iron/oxygen bond in MbO2 has been described as a mixture of 

Fe
2+

—O2 and Fe
3+

—O2
-
 states, with the latter form predominating (Jensen and Ryde 

2004).  However, Mb does not autoxidize; that is, dioxygen is not capable of direct 

oxidation of the Fe
2+

 in dMb, and cannot simply dissociate from MbO2 as O2
-
 

(Livingston and Brown 1981; Shikama 1990).  In the pathway proposed here, the non-

heme iron associated with the dMb(Fe
2+

)- - OO - -Fe
2+

 bridge could provide the impetus 

needed for electron abstraction and the resulting oxidation of dMb.  This proposed 

pathway also accounts for this protective effect of high and very low pO2 against Mb 

oxidation (George and Stratmann 1952).  At higher pO2, more O2 would be available, and 

would be more likely to replace dissociated O2.  At lower pO2, the low levels of O2 
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present would be readily available to form iron-oxygen complexes, with little left to 

reassociate with Mb. 

Most importantly, this proposed model provides an explanation for the 

effectiveness of the Type II iron-binding antioxidants used in previous meat studies 

(Govindarajan and Hultin 1977; Lee and others 1998a,b; Vissa and Cornforth 2006).  

Oxygen-based chelators such as phosphate stabilize iron in the ferric state, while 

nitrogen-based chelators stabilize ferrous iron (Miller and others 1990).  In the absence of 

an efficient reducing system, any phosphate-chelated iron would remain in the ferric 

state, preventing its participation in the above reactions (Eq. 2).   

Given the integral role of lipid oxidation by-products in Mb oxidation in muscle 

tissue (Alderton and others 2003), it is very likely that an ideal antioxidant system for 

meats would combine both Type I and Type II antioxidants.  While multiple examples of 

both types have been shown to be successful on their own, few studies have attempted to 

establish whether a truely synergistic effect exists, and they typically focus on cooked 

meat flavor (Spanier and others 1992).  Further research is needed to determine proper 

ratios to maintain maximum quality, while minimizing the actual percentage of added 

components, in fresh meats. 
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APPENDIX A 

 

STATISTICS FOR CHAPTER 3 

 

 

 

Table A1.  ANOVA table for Iron binding capacity. 

Source df  
Sum of 

Squares 
Mean Square F Value p-value 

Model 3 1969.9 656.63 373.3 <0.0001 

Error 36 63.318 1.7588   

Corrected Total 39 2033.2    

 

Individual components: 

   

Packing material 3 1969.9 656.63 373.3 <0.0001 

 

 

 

 

Table A2.  ANOVA table for Packing material solubility (%). 

Source df  
Sum of 

Squares 
Mean Square F Value p-value 

Model 3 3782.4 1260.8 18.55 <0.0001 

Error 36 2447.2 67.977   

Corrected Total 39 6229.6    

 

Individual components: 

   

Packing material 3 3782.4 1260.8 18.55 <0.0001 

 

 

 

 

Table A3.  ANOVA table for Soluble phosphorus (%). 

Source df  
Sum of 

Squares 
Mean Square F Value p-value 

Model 3 40076 13359 73.94 <0.0001 

Error 36 6503.8 180.6   

Corrected Total 39 46580    

 

Individual components: 

   

Packing material 3 40076 13359 73.94 <0.0001 
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APPENDIX B 

 

STATISTICS FOR CHAPTER 4 

 

 

 

 

Table B1.  Covariance estimates for %MbO2 remaining in systems at pH 5.6. 

Covariance Parameter Subject Estimate 

Rho replicate 0.7984 

Gamma replicate 0.7633 

Residual  123.80 

 

 

 

 

 

Table B2.  Fit statistics
a
 for %MbO2 remaining in systems at pH 5.6. 

Fit Statistic Value 

-2 Res Log Likelihood 2416.3 

AIC 2422.3 

AICC 2422.4 

BIC 2421.2 
a
Autoregressive moving average structure (1,1).  AIC = Akaike information criterion; 

AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information 

criterion 

 

 

 

 

 

Table B3.  Type 3 tests of fixed effects (ANOVA) for %MbO2 remaining in systems at pH 

5.6. 

Effect df  
Sum of 

Squares 
Mean Square F Value p-value 

System 11 58426 5311.4 10.01 <0.0001 

Time 6 78578 13096 274.8 <0.0001 

System*Time 66 5912.7 89.586 1.63 0.0038 
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Table B4.  Covariance estimates for %MbO2 remaining in systems at pH 7.2. 

Covariance Parameter Subject Estimate 

Rho replicate 0.1144 

Gamma replicate 0.4357 

Residual  77.500 

 

 

 

 

 

Table B5.  Fit statistics
a
 for %MbO2 remaining in systems at pH 7.2. 

Fit Statistic Value 

-2 Res Log Likelihood 2468.6 

AIC 2474.6 

AICC 2474.7 

BIC 2473.5 
a
Autoregressive moving average structure (1,1).  AIC = Akaike information criterion; 

AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information 

criterion 

 

 

 

 

 

Table B6.  Type 3 tests of fixed effects (ANOVA) for %MbO2 remaining in systems at pH 

7.2. 

Effect df  
Sum of 

Squares 
Mean Square F Value p-value 

System 11 45218 4110.7 28.16 <0.0001 

Time 6 90249 15041 219.0 <0.0001 

System*Time 66 14037 212.67 3.10 0.0038 

 



 130 

APPENDIX C 

 

STATISTICS FOR CHAPTER 5 

 

 

 

 

Table C1.  Covariance estimates for %MbO2 remaining in catalase systems. 

Covariance Parameter Subject Estimate 

Rho replicate 0.7180 

Gamma replicate 0.4088 

Residual  10.8875 

 

 

 

 

 

Table C2.  Fit statistics
a
 for %MbO2 remaining in catalase systems. 

Fit Statistic Value 

-2 Res Log Likelihood 759.5 

AIC 765.5 

AICC 765.6 

BIC 764.3 
a
Autoregressive moving average structure (1,1).  AIC = Akaike information criterion; 

AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information 

criterion 

 

 

 

 

 

Table C3.  Type 3 tests of fixed effects (ANOVA) for %MbO2 remaining in catalase 

systems. 

Effect df  
Sum of 

Squares 
Mean Square F Value p-value 

System 6 4391.5 731.9 40.82 <0.0001 

Time 4 3489.4 872.4 121.9 <0.0001 

System*Time 24 167.16 6.965 1.01 0.4593 
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Table C4.  Covariance estimates for %MbO2 remaining in modified atmosphere systems. 

Covariance Parameter Subject Estimate 

Rho replicate 0.5713 

Gamma replicate 0.4871 

Residual  47.252 

 

 

 

 

 

Table C5.  Fit statistics
a
 for %MbO2 remaining in modified atmosphere. 

Fit Statistic Value 

-2 Res Log Likelihood 1638.4 

AIC 1644.4 

AICC 1644.5 

BIC 1643.2 
a
Autoregressive moving average structure (1,1).  AIC = Akaike information criterion; 

AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information 

criterion 

 

 

 

 

 

Table C6.  Type 3 tests of fixed effects (ANOVA) for %MbO2 remaining in modified 

atmosphere systems. 

Effect df  
Sum of 

Squares 
Mean Square F Value p-value 

System 11 66534 6048.6 45.55 <0.0001 

Time 4 41048 10262 387.6 <0.0001 

System*Time 44 11118 252.68 9.30 <0.0001 
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APPENDIX D 

 

STATISTICS FOR CHAPTER 6 

 

 

 

Table D1.  ANOVA table for Iron binding capacity (%) for STPP. 

Source df 
Sum of 

Squares 
Mean Square F Value p-value 

Model 3 9486.3 3162.1 139.07 <0.0001 

Error 8 181.90 22.738   

Corrected Total 11 9668.2    

 

Individual components: 

   

Concentration 3 9486.3 3162.1 139.07 <0.0001 

 

 

 

 

 

Table D2.  ANOVA table for Iron binding capacity (%) for Phytate. 

Source df 
Sum of 

Squares 
Mean Square F Value p-value 

Model 3 288.86 96.286 6.02 0.0190 

Error 8 128.01 16.001   

Corrected Total 11 416.86    

 

Individual components: 

   

Concentration 3 288.86 96.286 6.02 0.0190 

 

 

 

 

 

Table D3.  ANOVA table for Iron binding capacity (%) for Rosmarinic acid. 

Source df 
Sum of 

Squares 
Mean Square F Value p-value 

Model 3 6.510 2.170 0.29 0.8349 

Error 8 60.86 7.608   

Corrected Total 11 67.37    

 

Individual components: 

   

Concentration 3 6.510 2.170 0.29 0.8349 
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Table D4.  ANOVA table for Iron binding capacity (%) for Eugenol. 

Source df 
Sum of 

Squares 
Mean Square F Value p-value 

Model 3 111.4 37.14 1.50 0.2872 

Error 8 198.2 24.78   

Corrected Total 11 309.7    

 

Individual components: 

   

Concentration 3 111.4 37.14 1.50 0.2872 

 

 

 

Table D5.  Covariance estimates for %MbO2 remaining in Type I and Type II antioxidant 

systems. 

Covariance Parameter Subject Estimate 

Rho replicate 0.5329 

Gamma replicate 0.6526 

Residual  36.781 

 

 

 

Table D6.  Fit statistics
a
 for %MbO2 remaining in Type I and Type II antioxidant 

systems. 

Fit Statistic Value 

-2 Res Log Likelihood 908.7 

AIC 914.7 

AICC 914.8 

BIC 913.5 
a
Autoregressive moving average structure (1,1).  AIC = Akaike information criterion; 

AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information 

criterion 

 

 

 

Table D7.  Type 3 tests of fixed effects (ANOVA) for %MbO2 remaining in Type I and 

Type II antioxidant systems. 

Effect df  
Sum of 

Squares 
Mean Square F Value p-value 

System 5 73430 14686 125.33 <0.0001 

Time 6 36031 6005.2 444.27 <0.0001 

System*Time 30 6188.2 206.27 8.64 <0.0001 
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APPENDIX E 

STATISTICS FOR CHAPTER 7 

 

 

Table E1.  Covariance estimates for %MbO2 remaining in ground beef. 

Covariance Parameter Subject Estimate 

Rho replicate 0 

Gamma replicate 0.7545 

Residual  0.0045 

 

 

 

 

 

Table E2.  Fit statistics
a
 for %MbO2 remaining in ground beef. 

Fit Statistic Value 

-2 Res Log Likelihood 732.9 

AIC 726.9 

AICC 726.9 

BIC 728.1 
a
Autoregressive moving average structure (1,1).  AIC = Akaike information criterion; 

AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information 

criterion 

 

 

 

 

 

Table E3.  Type 3 tests of fixed effects (ANOVA) for %MbO2 remaining in ground beef. 

Effect df  
Sum of 

Squares 
Mean Square F Value p-value 

System 5 2207.5 441.5 6.17 0.0013 

Time 4 21657 5414 68.72 <0.0001 

System*Time 20 2985.4 149.3 1.89 0.0252 
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Table E4.  Covariance estimates for Hunter a* value in ground beef. 

Covariance Parameter Subject Estimate 

Rho replicate 0.7889 

Gamma replicate 0.4897 

Residual  3.2797 

 

 

 

 

 

Table E5.  Fit statistics
a
 for Hunter a* value in ground beef. 

Fit Statistic Value 

-2 Res Log Likelihood 2627.0 

AIC 2633.0 

AICC 2633.1 

BIC 2631.8 
a
Autoregressive moving average structure (1,1).  AIC = Akaike information criterion; 

AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information 

criterion 

 

 

 

 

 

Table E6.  Type 3 tests of fixed effects (ANOVA) for Hunter a* value in ground beef. 

Effect df  
Sum of 

Squares 
Mean Square F Value p-value 

System 5 639.9 128.0 12.21 <0.0001 

Time 4 5837 1459 267.8 <0.0001 

System*Time 20 518.1 25.91 4.47 <0.0001 

 

 

 

Table E7.  Covariance estimates for chroma in ground beef. 

Covariance Parameter Subject Estimate 

Rho replicate 0.8229 

Gamma replicate 0.5134 

Residual  5.9305 
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Table E8.  Fit statistics
a
 for chroma in ground beef. 

Fit Statistic Value 

-2 Res Log Likelihood 3003.8 

AIC 3009.8 

AICC 3009.8 

BIC 3008.6 
a
Autoregressive moving average structure (1,1).  AIC = Akaike information criterion; 

AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information 

criterion 

 

 

 

Table E9.  Type 3 tests of fixed effects (ANOVA) for chroma in ground beef. 

Effect df  
Sum of 

Squares 
Mean Square F Value p-value 

System 5 908.7 181.7 8.29 0.0002 

Time 4 4139 1035 101.5 <0.0001 

System*Time 20 419.8 20.99 2.27 0.0057 

 

 

Table E10.  Covariance estimates for hue angle in ground beef. 

Covariance Parameter Subject Estimate 

Rho replicate 0.7646 

Gamma replicate 0.5132 

Residual  9.2257 

 

 

 

 

Table E11.  Fit statistics
a
 for hue angle in ground beef. 

Fit Statistic Value 

-2 Res Log Likelihood 3324.8 

AIC 3330.8 

AICC 3330.8 

BIC 3329.6 
a
Autoregressive moving average structure (1,1).  AIC = Akaike information criterion; 

AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information 

criterion 
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Table E12.  Type 3 tests of fixed effects (ANOVA) for hue angle in ground beef. 

Effect df  
Sum of 

Squares 
Mean Square F Value p-value 

System 5 1244.7 248.9 10.04 <0.0001 

Time 4 24888 6222 443.3 <0.0001 

System*Time 20 3601.9 180.1 10.85 <0.0001 

 

 

 

Table E13.  Covariance estimates for TBARS in ground beef. 

Covariance Parameter Subject Estimate 

Rho replicate 0 

Gamma replicate 0.8577 

Residual  0.0198 

 

 

 

 

Table E14.  Fit statistics
a
 for TBARS in ground beef. 

Fit Statistic Value 

-2 Res Log Likelihood 422.1 

AIC 416.1 

AICC 416.0 

BIC 417.3 
a
Autoregressive moving average structure (1,1).  AIC = Akaike information criterion; 

AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information 

criterion 

 

 

 

 

Table E15.  Type 3 tests of fixed effects (ANOVA) for TBARS in ground beef. 

Effect df  
Sum of 

Squares 
Mean Square F Value p-value 

System 5 6.588 1.318 38.97 <0.0001 

Time 4 2.987 0.747 20.30 <0.0001 

System*Time 20 4.023 0.201 5.47 <0.0001 
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Table E16.  Covariance estimates for total aerobic plate count in ground beef. 

Covariance Parameter Subject Estimate 

Rho replicate 0.4697 

Gamma replicate 0.7313 

Residual  0.4576 

 

 

 

 

Table E17.  Fit statistics
a
 for total aerobic plate count in ground beef. 

Fit Statistic Value 

-2 Res Log Likelihood 308.8 

AIC 314.8 

AICC 314.9 

BIC 313.6 
a
Autoregressive moving average structure (1,1).  AIC = Akaike information criterion; 

AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information 

criterion 

 

 

 

 

Table E18.  Type 3 tests of fixed effects (ANOVA) for total aerobic plate count in ground 

beef. 

Effect df  
Sum of 

Squares 
Mean Square F Value p-value 

System 5 8.917 1.783 6.07 0.0014 

Time 4 85.68 21.42 1012 <0.0001 

System*Time 20 1.027 0.051 0.71 0.8067 

 

 

 

Table E19.  Covariance estimates for Hunter L* value in ground beef. 

Covariance Parameter Subject Estimate 

Rho replicate 0.9955 

Gamma replicate 0.1220 

Residual  9.8949 
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Table E20.  Fit statistics
a
 for Hunter L* value in ground beef. 

Fit Statistic Value 

-2 Res Log Likelihood 3566.4 

AIC 3572.4 

AICC 3572.4 

BIC 3571.2 
a
Autoregressive moving average structure (1,1).  AIC = Akaike information criterion; 

AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information 

criterion 

 

 

 

 

Table E21.  Type 3 tests of fixed effects (ANOVA) for Hunter L* value in ground beef. 

Effect df  
Sum of 

Squares 
Mean Square F Value p-value 

System 5 4838 967.6 85.24 <0.0001 

Time 4 241.2 60.30 5.16 0.0081 

System*Time 20 253.4 12.67 1.44 0.1302 

 

 

 

 

Table E22.  Hunter L* value: time to first significant difference as compared Day 0 and 

means at Days 0 and 14. 

Meat System 

Days to First 

Significant 

Difference
a
 

Hunter L* value 

(Overall Means)
b
 

Ground beef only ns 40.9 ± 3.6 a   

0.5% STPP ns 36.1 ± 3.2 c  

0.5% Phytate ns 35.5 ± 3.2 c  

0.5% MM ns 39.4 ± 3.6 b    

0.05% Rosmarinate ns 42.3 ± 2.7 a 

0.05% Eugenol ns 41.3 ± 2.5 a 
a
 Time point where first significant difference (p < 0.05) occurs as compared to initial 

reading for each meat system formulation. ns = no significant difference observed 
b
 Values represent mean +/- standard deviation pooled over time (0, 1, 4, 7, 14 days). 

Values sharing letters are not significantly different (p > 0.05). 
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