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Introduction

High-oxygen modified atmosphere packaging (MAP) can be 
defined as packaging of a perishable product in a modified 
atmosphere with a high-oxygen component (i.e., > 70%  O2). 
High-oxygen MAP successfully enhances the shelf life of 
products, preserving their visual appearance and inhibiting 
anaerobic microbial growth [1, 2]. High-oxygen MAP has 
been used for packaging fresh fruits and vegetables as an 
alternative to low  O2 (< 3%) packaging [3–6]. Because of 
consumer preference, a great deal of interest has been shown 
in the use of high-oxygen MAP for meat to prolong its shelf 
life and enhance the quality of products [7–11].

Pork is the most common meat consumed by the Chi-
nese. There is an urgent need for improvement in product 
storage in the pork industry. Many researchers have stud-
ied effects of high-oxygen MAP on beef [7–9, 12, 13] and 
chilled as well as fresh pork [14–16]. High concentration of 
 O2 can promote lipid oxidation [8] and affect tenderness and 
juiciness of meat [9, 15, 17]. Although high-oxygen MAP 
increases meat protein oxidation and crosslinking, it also 
inhibits the growth of fungi and anaerobic microorganisms 
[4]. Previous evidence has shown that meat color can be well 
maintained by high-oxygen MAP with 55 and 80%  O2 [18, 
19]. Currently, high-oxygen MAP has been widely studied 
for preserving fresh fruits, vegetables, and raw meat. How-
ever, reports on the effect of high-oxygen MAP on cooked 
pork are rare. Whether high-oxygen MAP is a preferable 
type of packaging for pork products in the Chinese meat 
industry needs to be determined.

Therefore, the purpose of this study was to determine the 
effect of high-oxygen MAP with 80%  O2 on cooked meat 
products with respect to lipid oxidation and microbial growth 
and compare it with air and vacuum packaging. We anticipate 
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that the results will provide a basis for the use of high-oxygen 
MAP in the Chinese meat industry.

Materials and methods

Raw materials and package

Pork meat was purchased from a local market. The raw meat 
was cut into pieces weighing 100 g followed by boiling in 
deionized water. Then, the pieces of meat were placed in 
a thermoforming propene polymer (PP) box for packaging 
with polyamide/polyethylene (PA/PE) composite films. The 
pieces of meat were classified into five batches and pack-
aged under different conditions: air packaging, vacuum 
packaging, and high-oxygen MAP under three conditions 
[80%  O2 + 20%  CO2, 80%  O2 + 20% nitrogen  (N2), and 80% 
 O2 + 10%  CO2 + 10%  N2]. High-oxygen MAP was performed 
using a DT-6DMAP machine (Wenzhou DaJiang Machinery 
Equipment Co., LTD, Wenzhou, China). All packaging was 
performed in accordance with commercial practices. The 
gas headspace to meat volume ratio was 3:1 (mL/g). After 
packaging, all samples were stored for 15 days in a refrigera-
tor at 4 ± 1 °C and shear force, acid value, thiobarbituric acid 
(TBA), peroxide value and aerobic bacterial count of each 
samples were measured at 0, 3, 6, 9, 12, 15 days respectively. 
The same experiments were repeated for three times.

Determination of shear force

Shear force was determined using a digital meat tenderness 
meter (C-LM3B, Northeast Agricultural University, Harbin, 
China). A 3-cm-thick cutter with a 60° cutting edge was 
used for cutting meat with a shearing rate of 1 mm/s. Shear 
force was read from the screen. A lower shear force indi-
cated higher tenderness.

Evaluation of the acid value

Meat was homogenized using a ZW-800G homogenizer 
(Wenzhou Vico Biological Equipment Co., LTD, Wenzhou, 
China). The homogenate (3 g) was collected in a conical 
flask and 50 mL of ethanol–ether reagent was added. After 
shaking for 1 h, 2–4 drops of 1% phenolphthalein in etha-
nol were added. The samples were titrated with potassium 
hydroxide solution (NaOH, 0.1 mol/L) till the color turned 
red for more than 30 s. The acid value was calculated using 
the following formula 

where V represens the volume of NaOH in mL, C represents 
the concentration of NaOH in mol/L, and m represents the 
weight of the sample g.

Acid value =
V × C × 56.11

m

Assessment of the peroxide value

The peroxide value was measured according to the national 
standard of People’s Republic of China (GB/T 5538-2005/
ISO 3960: 2001): animal and vegetable fats and oils-deter-
mination of the peroxide value [20]. Briefly, 2 g of homog-
enized meat was mixed with 10 mL of trichloromethane in 
a conical flask. Then, 15 mL of acetic acid and 1 mL of 
saturated solution of potassium iodide were added followed 
by blending for 1 min. The flask was placed in the dark for 
5 min, and then diluted with 75 mL of distilled water. Oxi-
dation–reduction titration was performed with 0.05% starch 
solution as the titration indicator and 0.01 mol/L sodium 
thiosulfate solution as the standard. The peroxide value was 
calculated according to the following formula: 

where V is the volume of sodium thiosulfate solution in mL, 
c is the concentration calibration of sodium thiosulfate in 
mol/L, and m is the weight of the sample in g.

Assay of thiobarbituric acid (TBA) values

TBA values were determined using a previously reported 
method [21]. Briefly, 10 g of meat sample was homog-
enized and transferred to a flask. A volume of 50 mL of 
7.5% trichloroacetic acid (containing 0.1% ethylene diamine 
tetraacetic acid) was added and mixed for 30 min. The super-
natant was filtered through a filter paper. Then, 5 mL of the 
supernatant was collected in a tube and 5 mL of 0.02 mol/L 
TBA solution was added. The tube was sealed using a plas-
tic wrap and incubated at 90 °C for 40 min. After cooling 
for 1 h, the mixture was centrifuged at 1600 rpm/min for 
5 min. The supernatant was mixed with 5 mL of chloroform. 
After standing for layering, the supernatant was used for 
determination of the absorbance at 532 and 600 nm using a 
spectrophotometer (T9, Beijing General Co., LTD, Beijing, 
China). The TBA value was calculated according to the fol-
lowing equation: 

A532: absorbance at 532 nm, A600: absorbance at 600 nm.

Microbiological examination

Aerobic bacterial count was examined according to the 
national standard of People’s Republic of China (GB/T 
5538-2005/ISO 3960: 2001): animal and vegetable fats and 
oils-determination of the peroxide value.

POV(meq∕mg) =
c × V

m
× 1000

TBA value =
A532 − A600

155
×

1

10
× 72.6 × 100
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Statistical analysis

All the data were expressed as mean ± standard error of the 
mean (SEM). Analysis of variance was performed using the 
Origin 8.0 software (Origin Lab, Northampton, USA). Sig-
nificance was tested using the least significant difference 
(LSD) method.

Results

Changes in tenderness during storage after different 
types of packaging

Tenderness of cooked meat after high-oxygen MAP was 
measured based on the shear force. The effect of high-
oxygen MAP with different air components is shown in 
Fig. 1. After 15-day storage, shear force of all meat samples 
significantly increased compared with the samples at day 
0 (P < 0.001). All meat samples had a significantly differ-
ent shear force after different types of packaging at 3, 6, 9, 
12, 15 days, separately (P < 0.001). After 15-day storage, 
all the packaging showed significantly higher shear force, 
compared with high oxygen MAP with 80%  O2 + 20%  N2 
packaging (all P < 0.001). Aging after high-oxygen MAP 

with 80%  O2 + 20%  N2 caused the lowest increase in shear 
force (from 14.01 ± 1.12 to 20.52 ± 1.37 N), while aging 
after air packaging caused a significant increase in shear 
force (from 14.55 ± 1.21 to 38.21 ± 1.03 N) (P < 0.001). All 
meat samples showed a rapid increase in shear force at day 
9 following storage.

Changes in the peroxide value during storage 
after different types of packaging

To investigate the degree of oxidation and rancidity of 
cooked meat after different types of packaging, we evalu-
ated the peroxide value of meat samples. Changes in the 
peroxide value of meat samples after different types of 
packaging are illustrated in Fig. 2. All meat samples had 
a significant increase in the peroxide value after 15 days 
of storage (P < 0.001). Meat samples in various packag-
ing showed significantly different peroxide values at day 3, 
6, 9, 12, 15, respectively (P < 0.001). Meat samples after 
vacuum packaging (5.26 ± 0.36 meq/kg) and high-oxygen 
MAP with 20%  CO2 (6.31 ± 0.37 meq/kg) showed the low-
est peroxide value (P < 0.001), with a slight increase in the 
peroxide value at day 6 of storage, whereas meat samples 
after high-oxygen MAP with 20%  N2 had a rapid increase 
in the peroxide value.

Fig. 1  Changes in tenderness 
during storage after different 
types of packaging. *P < 0.001, 
compared with high oxygen 
MAP with 80%  O2 + 20%  N2

Fig. 2  Changes in the peroxide 
value during storage after 
different types of packaging. 
*P < 0.05, compared with 
vacuum group
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Changes in the acid value during storage after different 
types of packaging

As shown in Fig. 3, all meat samples showed a similar 
increasing trend in the acid value after different types of 
packaging. The meat samples showed significantly dif-
ferent acid values among various packaging at day 6, 9, 
12, 15 storage (all P < 0.01). After 6 days of storage, the 
lowest increase in the acid value was observed in meat 
after air packaging (from 1.65 ± 0.18 to 4.33 ± 0.16 mg/g). 
There was a slight increase in the acid value of meat sam-
ples after MAP with 80%  O2 + 20%  CO2, MAP with 80% 
 O2 + 10%  CO2 + 10%  N2, and MAP with 80%  O2 + 20% 
 N2 within 6  days, whereas a remarkable increase was 
observed after 9 days of storage. At 15-day storage, high 
oxygen MAPs with 80%  O2 + 20%  CO2, 80%  O2 + 10% 
 CO2 + 10%  N2 and vacuum packaging showed significantly 
higher acid values than air packaging (all P < 0.01), while 
there was no significant difference between 80% O2 + 20% 
N2 and air packaging (P = 0.104). Meat after high-oxygen 
MAP with 80%  O2 + 20%  CO2 showed the highest acid 
value (5.53 ± 0.13 mg/g) compared with meat after other 
high-oxygen MAPs after 15 days of storage (P < 0.001).

Changes in TBA values during storage after different 
types of packaging

All meat samples showed a significant increase in the TBA 
value after different types of packaging (Fig. 4). TBA values 
were significantly different among different packaging types 
at 3, 6, 9, 12, 15 days, separately. At the end of storage, the 
TBA value of meat after vacuum package was the lowest 
among all packaging (1.38 ± 0.14 mg/kg, P < 0.001). Among 
all types of packaging, high-oxygen MAP and air packaging 
caused a prominent increase in the TBA value. Meat after 
MAP with 80%  O2 + 10%  CO2 + 10%  N2 had the highest 
TBA value (3.54 ± 0.15 mg/kg).

Changes in aerobic bacterial counts during storage 
after different types of packaging

Aerobic bacterial count is an indicator of food spoilage, and 
thus, we analyzed the bacterial count in the packaged meat 
samples at different time points. The aerobic bacterial count 
showed a similar increasing trend with a longer storage time 
(Fig. 5). Meat samples after high-oxygen MAP with different 
air components had a relatively low aerobic bacterial count. 
Air packaging resulted in the highest aerobic bacterial count 
(5.16 ± 0.043 lg CFU/g) in cooked meat (P < 0.001), whereas 

Fig. 3  Changes in the acid 
value during storage after 
different types of packaging. 
*P < 0.01 compared with air 
packaging

Fig. 4  Changes in the TBA 
value during storage after 
different types of packaging. 
*P < 0.001, compared with 
vacuum package
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MAP with 80%  O2 + 20%  N2 showed the lowest aerobic bac-
terial count (3.68 ± 0.047 lg CFU/g) after 15 days of storage.

Discussion

High-oxygen MAP has been proposed to be a promising 
alternative for packaging fresh vegetables, fruits, and raw 
beef. However, the effect of high-oxygen MAP on cooked 
meat products has not been clearly investigated. In the pre-
sent study, we varied air components of high-oxygen MAP, 
except for 80%  O2, and investigated the effect on tenderness, 
lipid oxidation, and microbial growth of packaged meat.

Meat packaging has been widely studied for maintain-
ing the quality of meat. Bouma et al. identified extractable 
substances from rubber nettings for meat product packaging 
[22]. However, several extracted substances are not allowed 
to come into contact with food because they may pose a 
risk to public health. Thus, this packaging method has not 
been widely developed. Recently, MAP has been exten-
sively studied for meat product packaging. The modified 
atmosphere system includes a vacuum for cured or cooked 
meat, a gaseous atmosphere (anoxic) for raw and processed 
meat, and a gaseous atmosphere (with > 50%  O2) for raw 
meat. Compared with the purple color of meat in low  O2, 
vacuum or anoxic MAP with high  O2 (> 40%) retained the 
pink–red color of meat. Microbial growth was low after low 
 O2, vacuum, or anoxic MAP, whereas high microbial growth 
was observed after MAP with ambient  O2 (15–20%) and 
medium microbial growth was observed after MAP with 
high  O2 (> 40%) [1]. Consistent findings were reported by 
Jakobsen et al. who suggested that, during a 10-day storage, 
fresh beef muscle maintained a good color after MAP with 
55–80%  O2 [19]. Meat color is one of the main concerns in 
the meat industry. However, the effect of high-oxygen MAP 
on cooked meat has not been clearly studied.

Tenderness of meat refers to the state of being easily 
masticated, broken, or cut and can be measured by shear 
force [23]. It is closely correlated with the sensory quality 

of cooked meat products [24]. Figure 1 shows the increase in 
shear force with the time of storage for all types of packag-
ing. This tendency was less pronounced after MAP with  N2 
component, which suggested that tenderness decreased in a 
time-dependent manner and MAP with  N2 component main-
tained tenderness. Among the high-oxygen MAP groups, 
MAP with 80%  O2 + 20%  N2 showed the lowest increase 
in shear force, which suggests that a higher concentration 
of  N2 in MAP is advantageous for maintaining tenderness 
of cooked meat. A previous study suggested that compared 
with vacuum packaging, high-oxygen MAP reduced tender-
ness of beef steaks [25]. This may be attributed to the fact 
that protein oxidation and protein cross-linking under high-
oxygen atmosphere affects tenderness of meat under stor-
age [15]. Thus, we speculated that high concentration of  N2 
under storage balances the effect of high-oxygen on meat.

The peroxide value is used to indicate the degree of oxi-
dation and rancidity of cooked meat [26], serving as an 
index of change in the food quality of cooked meat products 
during storage. The peroxide value increased with the period 
of storage for different types of packaging. The peroxide 
value serves as a marker for primary lipid peroxidation [27]. 
Previous evidences has shown that high concentration of 
oxygen can increase lipid oxidation and rancidity in meat 
products [28, 29]. This is in accordance with our results, 
where a slight increase in the peroxide value was observed 
after a 15-day storage after air packaging compared with 
that after high-oxygen MAP with a  N2 atmosphere. How-
ever, vacuum packaging and MAP with 80%  O2 + 20%  CO2 
groups showed a relatively lower increase in the peroxide 
value than other groups and there was no significant differ-
ence between these two groups. We can speculate that the 
 CO2 atmosphere in high-oxygen MAP shows an inhibitory 
effect on lipid oxidation.

The acid value is another indicator of the degree of 
rancidity of food [30]. The acid value is closely related to 
the concentration of free fatty acids during hydrolysis of 
cooked meat products. As shown in Fig. 3, there was a slight 
increase in the acid value (< 3 mg/g) for the air packaging 

Fig. 5  Changes in aerobic bac-
terial count during storage after 
different types of packaging. 
*P < 0.01 compared with 80% 
 O2 + 20%  N2 packaging
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and MAP with 80%  O2 + 20%  CO2, MAP with 80%  O2 + 10% 
 CO2 + 10%  N2, and MAP with 80%  O2 + 20%  N2 groups at 
day 6 of storage, whereas the acid value markedly increased 
after 9 days of storage. The possible explanation for this phe-
nomenon is that increased amount of free fatty acids, gener-
ated during hydrolysis of meat, contributes to the develop-
ment of an acidic environment, which in turn promotes the 
process of hydrolysis and increase in the acid value. This 
hypothesis can be proven by the changes in the acid value 
after MAP with 80%  O2 + 20%  CO2 group. Our data showed 
that the MAP with 80%  O2 + 20%  CO2 group had a higher 
acid value after 15 days of storage than the MAP with 80% 
 O2 + 10%  CO2 + 10%  N2 and MAP with 80%  O2 + 20%  N2 
groups, indicating that a higher concentration of  CO2 may 
contribute to the development of an acidic environment and 
promote an increase in the acid value. In addition, there was 
a linear increase in the acid value after vacuum packaging 
during the 15 days of storage and this increase was higher 
than that for other groups. However, the acid value in the 
air packaging group was relatively lower than that in other 
groups. There was no direct relationship between the acid 
value and oxygen content.

TBA is the second breakdown product of lipid oxida-
tion, and the TBA value indicates the degree of lipid oxi-
dation [31]. Our data showed that there is a significant 
increase in the TBA value in all packaging groups with a 
longer storage period. There was a similar increasing trend 
in the TBA value for high-oxygen MAP groups. MAP with 
80%  O2 + 10%  CO2 + 10%  N2 group showed a higher TBA 
value than MAP with 80%  O2 + 20%  N2 and MAP with 80% 
 O2 + 20%  CO2 groups. There was no obvious difference 
among air packaging, MAP with 80%  O2 + 20%  N2, and 
MAP with 80%  O2 + 20%  CO2 groups. The vacuum pack-
aging group showed the lowest TBA value among different 
types of packaging groups. Thus, vacuum packaging may be 
the optimal type of storage with a respect to the TBA value.

Microbial spoilage is one of the primary parameters for 
evaluating the quality of food [32]. The remaining bacterial 
load in meat after incomplete processing can contribute to 
the meat spoilage. At the same time, processing and stor-
age will eventually introduce microbial contamination [32]. 
Microorganisms consume nutrients in cooked meat products 
and produce adverse metabolic products, leading to a decline 
in the nutritional quality of cooked meat products. In addi-
tion, microbial metabolic processes may also affect the acid 
value and sensory quality of cooked meat products. There-
fore, microorganisms play a critical role in the preservation 
of meat products.

Our data also indicated that the aerobic bacterial count 
increases with the longer storage period for all groups. The 
air packaging group showed the highest bacterial count, 
reaching 5.16 log (CFU/g) at day 15 of storage. The MAP 
groups had a lower aerobic bacterial count than air and 

vacuum packaging groups, and the MAP with 80%  O2 + 20% 
 N2 group showed the lowest aerobic bacterial count, which 
suggests that the high-oxygen MAP inhibits the growth of 
microorganisms. It is possible that the high-oxygen environ-
ment suppresses the growth of anaerobic bacteria in cooked 
meat. In addition, aerobic bacterial count increased with an 
increase in the  CO2 concentration in the MAP system, but 
it was still lower than that in the air packaging group. These 
results indicate that high-oxygen MAP has a more inhibitory 
effect on microbial growth than vacuum and air packaging, 
and MAP with 80%  O2 + 20%  N2 shows the optimum effect.

The calculation methods for the acid value [33, 34] and 
TBA value [35, 36] have been widely applied for measuring 
food quality. All data were measured repetitively, and data 
for the same index were found to be similar. The above-men-
tioned results showed the repeatability and reproducibility 
of the methods used in this study. However, here we simply 
measured the aerobic bacterial count but did not determine 
the kind of bacteria that had a higher influence on the quality 
of the sample. This is a limitation of this study, and further 
research is warranted in the near future.

In this paper, we just measured the changes in shear force, 
acid value, TBA, peroxide value and aerobic bacterial count 
of meat samples under different types of packaging. In order 
to improve the MAPs in cooked meat packaging, the follow-
ing aspects should be further studied. The dominant spoilage 
bacteria in MAPs should be identified and the changes in 
microbial community structure in meat packaging should 
be monitored, which could contribute to understanding the 
color changes of meat samples. Whether antioxidant can be 
used in the high oxygen MAP to prevent protein and fat 
oxidation should be solved in the future. A large number of 
studies about the application of high oxygen MAP in cooked 
meat package are warranted in the near future.

Conclusions

Compared with air and vacuum packaging, high-oxygen 
MAP with 80%  O2 + 20%  N2 shows obvious advantages in 
preserving tenderness and inhibiting microbial contamina-
tion of cooked meat. Although high-oxygen MAP has not 
shown a significant advantage with respect to preventing 
lipid oxidation, it has a comparable effect on peroxide and 
acid values. High-oxygen MAP with 80%  O2 and 20%  N2 
may be more appropriate for cooked pork storage. However, 
the use of high-oxygen MAP in the meat industry still has 
a long way to go.
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